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Abstract 
Abstract 
Total hip replacements have been in use for over 30 years, and have shown great 
improvement from design to surgery since the first generation of implants were introduced. 
The greater need for hip replacements has led to the development of test methods that can 
be applied in the lab, which can predict the lifetime of a particular implant. To achieve this 
aim this study has sought to investigate key parameters, which may affect wear and its 
subsequent effect upon the production of particles for various material combinations and 
bearing geometries, under high (jogging) and low (walking) loads, with concurrent 
assessment of wear reduction, particle size and morphology. 
The clinical use of cross-linked polyethylene (XLPE) has been shown to reduce wear and 
thereby the onset of osteolysis in total hip arthroplasty. Hip simulator studies have 
suggested that while XLPE generates low wear under smooth counterface bearing surfaces, 
there appears to be an increased sensitivity to scratched femoral head conditions which can 
occur in the patient. However, these simulator studies have not combined damaged articular 
surfaces with a severe gait model, representing the worst-case scenario for high-risk, active 
patients. This hip simulator study has shown that the size distribution of wear particles 
generated in tests on 5 MRads crosslinked polyethylene can be influenced by the degree of 
patient activity. Fast jogging showed a greater influence on the number of sub-micron-sized 
wear particles (5-fold increase compared to walking) than on volumetric wear rate (26 
mm3/106 cycles compared to 29 mm3/106 cycles). Fast jogging also did not generate the 
largest wear particles (>I 0p m) produced by normal walking. Roughening of the Co-Cr-Mo 
femoral heads created a 1700-fold increase in the numbers of sub-micron PE particles 
under fast jogging. The clinical significance of this result suggests that highly active 
patients will generate high numbers of bioactive PE wear particles within the accepted 
bioactive range, 0.2-10µm. 
Metal-on-metal (MOM) hip arthroplasty has also seen rapid growth worldwide. However, 
there remains concern over their long-term biocompatibility due to systemic ion release. 
Therefore, the aim of this current investigation was to test the hypothesis that larger 
diameter MOM bearings (greater than 40 mm) will generate smaller Co-Cr-Mo wear 
particles compared to a 28 mm size bearing, and reduce the total wear particle surface area, 
and to test the hypothesis that `severe' gait conditions will greatly increase the size of Co- 
Cr-Mo wear particles, thereby causing a sizable increase in wear particle surface area. 
Walking with a 28 mm bearing produced the largest wear rate of at 0.92 mm3/106 cycles, 
whereas the 40 mm and 56 mm bearings, generated lower wear rates of 0.39 mm3/106 
cycles and 0.32 mm3/106 cycles respectively. Simulated fast jogging created a 3-fold 
increase in the number of elongated (needle) wear particles compared to normal walking, 
and generated a 20-fold increase in total wear particle surface area per year of use 
compared to normal walking. The clinical significance of this result suggests that highly 
active patients with MoM implants will exhibit greater ion release, although this may be 
minimised by using larger diameter bearings for active or younger patients. 
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Chapter 1 Introduction 
Total hip replacement is the process of completely removing the existing hip and replacing 
it with an artificial hip. Today, over 60,000 THRs are implanted within the UK. The main 
goal of total hip replacement is to improve the quality of life of the patient by reducing the 
amount of pain in the hip and restoring near normal function to the hip. 
THR has a huge impact on its patients. If successful, it can benefit the patient 
tremendously, and restore function in the hip allowing the patient to perform every day 
tasks such as walking and climbing stairs without difficulty and reducing pain and 
discomfort in the hip. However, implant failure can lead to complications that can be 
extremely detrimental to the patient. The patient can be subjected to more discomfort, pain 
and loss of function. In order to reduce the instances of failure, it is important to understand 
the causes and effects of failure. Given that a total hip replacement has such a large impact 
on its patients, all avenues from design to implantation must be explored through in vitro 
and in vivo studies. 
THR system have been used with excellent clinical success for the past four decades. A 
recent study of 320 Charnley low-friction arthroplasties following 20-30 years of 
implantation, showed a 93 % success rate. However, there are still issues that still remain 
unresolved. Aseptic loosening of THR implant is the most severe problem encountered and 
is recognised as a major cause of failure, which requires revision surgery. Many studies 
have shown that wear debris of THR materials is a major factor, which in turn leads to local 
bone loss (osteolysis) and aseptic loosening. The majority of the wear debris is generated at 
the bearing surface between the artificial femoral head and acetabular cup. Therefore, 
materials used in modern implants require superior wear resistance properties, as well as 
good biocompatibility. 
The clinical use of crosslinked Ultra-High Molecular Weight Polyethylene (UHMWPE) has 
become the material of choice, in terms of reducing wear in turn reducing the amount of 
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debris generated at the articulating surface. In vitro studies have confirmed that the wear 
resistance of ultra-high molecular weight polyethylene can be significantly increased when 
applying high dose irradiation, such as gamma radiation in an inert atmosphere such as 
nitrogen (Wroblewski et al, 1996), with many studies reporting extremely low quantities of 
wear, typically as low as 2.0 mm3 per million cycles for highly crosslinked polyethylene 
(Oonishi et al, 1997). However there are concerns over the range of wear rates produced 
and the nature of the debris that is generated. Although crosslinked PE has shown improved 
resistance to wear, and much is understood about the nature and process of osteolysis, 
bioactive particles are still produced by crosslinked PE and remains an unresolved issue. 
The influence of femoral roughness on polyethylene wear has been widely investigated on 
various devices. Linear pin-on-disc wear machines reported a significant increase in 
polyethylene wear with increased counterface roughness, however, recent studies using 
multi-directional simulator studies using bovine serum as the lubricating medium, have 
shown a less marked effect of increased femoral head roughening (Wang et al, 1998a, 
Barbour et al, 2000). Such tests have concluded that the influence of increased roughness 
up to an Ra of 0.05 µm has very little effect on the wear of crosslinked polyethylene. 
However these studies only considered normal walking, with a maximum load of 2700 N 
and therefore the generation of wear particles may in this situation be considered to have a 
minimal effect upon implant lifetime or that the onset of osteolysis is at best delayed. 
Many studies have looked at the generation of wear debris following normal walking tests, 
however normal walking is only one of a multitude of activities that is undertaken by a 
patient. With younger and more active patients requiring hip implants, the need to test 
implants under severe conditions representing worst case scenarios situation such as rough 
femoral heads, rough femoral heads combined with increased activity such as jogging and 
the potential bioactive particles that may be generated as a result of these activities, need to 
be studied in detail. 
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2.1 Hip Anatomy & Biomechanics 
2.1.1 The Natural Hip Joint 
The hip joint in the human body is composed of bone, articular cartilage, a synovial 
membrane and a fibrous capsule. All the components mentioned combined with synovial 
fluid can articulate at very low range of coefficient of friction , under various physiological 
loads generated through walking and running. A cross-section of a human synovial joint is 
shown in Figure 2.1. 
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Figure 2.1: A cross-section of the human hip joint (Adapted from Tortora & Grabowski, 
2000) 
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2.1.2 The Femur 
Within the human body there are two types of bone, compact and cancellous. Compact (or 
cortical) bone makes up approximately 80% of the human skeleton, major load bearing 
bones are composed of compact bone. Cancellous bone is a porous form, and is typically 
found at the ends or in the core of most bones. Together, these two bone types form a 
lightweight composite material, which is highly efficient in bending and distributing force. 
The mechanical properties of bone are also highly variable. Biological composites such as 
bone are highly complex and the mechanical properties depend on microstructure, 
orientation, rate and type of loading (tension or compression), environment (wet or dry) and 
the type of bone being examined. (Grabowski & Tortora, 2001). 
Within the lower limbs the femur is the longest, strongest and heaviest bone present. Its 
proximal end articulates with the acetabulum of the hip joint, its distal end articulates with 
the tibia and patella (knee joint). The neck of the femur is a constricted region and is below 
the head; structurally this is the weakest point on the bone. 
2.1.3 Biomechanics 
Walking is a fundamental aspect of human movement and development, and taken for 
granted by the age of 2-3 years of age. It provides the human with the ability to move from 
one position to another with great efficiency. It is also a very unique form of motion, as it 
is 
bipedal, some animals do exhibit this, but the human walking pattern is probably the most 
efficient (Rose & Gamble, 1994), walking is "a method of locomotion involving the use of 
the two legs, alternately, to provide both support and propulsion" (Whittle, 1996). 
2.1.3.1 Walking 
In normal walking there are five main instances that occur during gait and these are 
summarised here. At Heel contact (HS): Leg and knee are straight, this 
is followed by foot 
flat (TO), where there is no flexion at the knee. Midstance (MS) occurs with the 
hip moving 
into extension with the knee also moving into extension 
in the trailing the leg. The fourth 
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stage (HS) involves the extension of the hip (abduction), with the knee in flexion moving to 
extension. The final stage is known as toe off (TO) where there is forward movement of the 
hip with the knee going into flexion from near full extension. This followed by mid-swing 
and heel contact of the opposite leg, thus completing a single gait cycle, Figure 2.2. 
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Figure 2.2: Schematic representation of one complete gait cycle (Rose & Gamble, 1994) 
Paul (1966) was one of the first to carry out studies into hip joint forces during walking. 
The data was obtained by means of a floor mounted force plate, from which data was then 
analysed using equilibrium equations and plotted graphically to produce the classic m- 
curve force profile, shown in Figure 2.3, which identifies one walking cycle. respectively. 
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Figure 2.3: Forces transmitted through the hip at various points on the gait cycle. RA, RB 
and Rc represent the forces transmitted through the hip during toe-off, stance, and heel 
strike, at 3.29,1.24 and 3.88 times the body weight (BW). JR, is the resultant force acting 
on the hip joint, represented by curves J, Jy, JZ (Paul, 1966). 
2.1.3.2 Jogging 
Jogging is one of the few sports activities which has been studied following hip 
replacement surgery. Studies by Bergmann et al. (1993) using an instrumented prosthesis 
provided important information into the forces transmitted through the hip joint. 
Investigations carried out by Bergmann et al. (1993) reported the presence of a double peak 
(m-curve) during walking, showing agreement with many other studies, although 
Bergmann et al. reported a reduction in the toe-off force. Bergmann et al. also investigated 
the forces transmitted through the hip during very fast walking and jogging in two patients. 
During jogging at 6 km/hr the BW increased to 500%, as shown in Figure 2.4. 
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Figure 2.4: Forces in the hip joint during jogging at 6km/hr where Rmax is the peak force during one step, showing heel strike and toe off (Bergmann et all, 1993) 
Further studies were also carried for patients walking up and down stairs, walking up stairs 
caused an increase of 10% BW and walking downstairs caused an increase of 20% BW 
(Bergmann et al., 1995). Although the forces generated during these everyday activities are 
low when compared to either walking or jogging, investigations into wear under these 
conditions are few and far between, considering now that activity is now recognised as one 
of the major factors that affects wear, (Schmalzried et al.. 2000). Studies into wear under 
these activities would provide a greater understanding of what is occurring in vivo with 
regards to the performance of a THR under various different types of activities and its long 
term performance. 
2.1.4 Increased Activity 
Literature regarding patient activity after THR is limited with differing views expressed 
from one study to another. Recent studies have documented patients who have returned to 
low impact sports such as sailing, swimming, scuba diving, cycling, golfing and bowling to 
name but a few. Moderate-impact sports such as cross-country skiing, speed walking, 
backpacking, ice-skating, tennis, aerobics, volleyball, softball, and alpine skiing have also 
been reported as being cautiously recommended. High impact sports such as baseball, 
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basketball, climbing, football, martial arts, parachuting, racquetball, running, soccer, 
sprinting, and volleyball are not recommended as impact loading increases the wear on an 
implant. However some studies have shown that moderate exercise can be beneficial for the 
longevity of joint replacements (Kloen et al., 2000, Healy et al., 2001). 
The relationship between patient activity and the rate of revision is still unclear, Dubs et al. 
(1983), reported higher rates of revision for patients who did not participate in sports. This 
is in contrast to revision rates observed by Kilgus et al. (1991) who reported higher revision 
rates for active patients, although this did not become clear until 10 years after a primary 
THR. With this in mind, the need for hip replacements that function well under high 
activity and generate low wear rates is an issue that must be considered. Since the 
emergence of the principle of low friction arthroplasty pioneered by Charnley, wear has 
been seen as a function of time rather than as a function of use. However this view is now 
changing with more emphasis on the types of activities undertaken by a patient after a THR 
and what affects this may have on the performance of a prosthesis (Schmalzried et al. 
2000). 
Several recent studies have attempted to observe and quantify patient activity in relation to 
wear in THRs. "Wear is a function of use, not time" the title and conclusion of a recent 
study by Schmalzried et al. (2000) who studied both male and female subjects in order to 
correlate wear with activity. The study showed that gender and weight significantly 
affected wear, with male patients being more active than female patients. However the 
study was limited in that data was obtained from radiographs thus wear mechanisms could 
not be established. Therefore damage to femoral heads resulting from abrasive wear 
mechanisms, which are commonly observed in retrieved femoral heads which can also 
influence the wear and morphology of polyethylene debris cannot be observed through 
radiographs (Hall et al., 1996, Elfick et al., 2001), which would provide additional 
information into the wear mechanisms. 
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2.2 Introduction to Total Hip Replacements (THR) 
Total hip arthroplasty is a major surgical operation where diseased cartilage and bone is 
removed surgically and replaced with a prosthesis comprised of artificial biomaterials, 
which will allow the joint to resume its near normal functions and freeing the patient of 
pain. This form of surgery has now become widely accepted for the treatment of diseased 
and damaged joints, and there is a plethora of designs and types of materials that are 
available to hip prosthesis manufacturers. Figure 2.5 is an example of a total hip 
replacement in situ. 
Figure 2.5: Illustrated example of a Total Hip Replacement in situ 
(http: //orthoinfo. aaos. org/booklet/images/master_ 1. jpg) 
The first hip replacement operation in England was carried out by G. K. McKee in 1951, 
using a ball and cup type joint. The first operation used a stainless steel femoral stem and 
acetabular component, which failed within the year due to aseptic loosening. The second 
operation used cobalt-chrome screws for fixation and lasted for 3 years. 
These first 
generation implants had 42 mm diameter heads, this was later modified to 
31.75 mm and 
was manufactured from VitalliumTM, which was the commercial name 
for CoCrMo alloy. 
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Unfortunately short term failures lead to the abandonment of metal-on-metal THR by the 
mid 70's (Zahiri et al.., 1999) 
In 1962 Charnley introduced the use of High Density Polyethylene (HDPE), which was 
thought to have high resistance to wear and produced considerably less wear debris than 
PTFE. The coefficient of friction HDPE was also five times higher than that of PTFE, with 
the wear resistance also higher by 500-1000 times in laboratory tests (Charnley, 1979). 
Figure 2.6 is an illustration of the type of THR Charnley developed under the principle of 
low friction arthroplasty. 
(a) (b) 
Figure 2.6: (a) Cobra prosthesis developed by Chamley (1979), and (b) a modem THR 
using UHMWPE acetabular cup (Katti, 2004) 
Today it is more common to use UHMVWPE as the bearing surface with a metal head; these 
have proved to be very successful in the short term and also in the long term with 
survivorship results of up to 20-30 years (Lewis, 2001). In the UK approximately 
60,645 
total hip replacements are performed annually of which 95%, use a UHMWPE acetabular 
cup (Tennent & Goddard, 2000). Although the low friction arthroplasty principle 
is still 
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favoured over metal-on-metal implants, it is causing increasing concern due to its high rates 
of wear and the osteolysis caused by wear in younger and more active patients. This has 
spurred new research into metal-on-metal implants and its potential benefits for younger or 
active patients. Metal-on-metal is coming back into fashion as a result of the long-term 
survivorship of the first generation of metal-on-metal implants. There are now 10 year 
survivorship results from the MetasulTM hip prostheses, with wear rates reported to be up to 
60 times less than conventional metal-on-polyethylene bearings with no failures due to 
osteolysis (Wagner & Wagner, 2000). Osteolysis does still occur in metal-on-metal hip 
replacements, but it may be a secondary reaction to other processes that are occurring in 
vivo (Beaule et al., 2001). Osteolysis in the case of metal-on-metal implants is a multi- 
factorial process and as yet the nature of osteolysis relating to metal-on-metal prostheses is 
not yet fully understood. A greater concern to surgeons appears to be the potential release 
of ions and metallosis in patients with metal-on-metal hip replacements. A recent literature 
review by Campbell et al. (2004) has shown that the incidence of metallosis constitutes a 
very small percentage of the overall population of people with total hip replacements. 
Furthermore, no link as yet has been found between cancer and metal-on-metal THRs, 
however to fully understand the process of ion release, its relation to toxicity and metallosis 
to metal-on-metal THRs, will require long term studies that may take several decades. 
2.3 Ultra High Molecular Weight Polyethylene (UHMWPE) 
2.3.1 What is it? 
UHMWPE is a semi-crystalline polyethylene polymer with an extremely high molecular 
weight. Polyethylenes are formed by addition polymerisation of the monomer ethylene. 
During the polymerisation reaction, chains may grow in length and form side chains. High 
density polyethylenes are long chain polymers with little or no side branching, the nominal 
molecular weight is 3 million or higher with a density of 0.958 g/cm3 (Petty, 1991). 
It 
contains a simple backbone arrangement (-[CH2-CH2]n, where n is above a million) which 
is flexible, therefore it is able to fold up to provide compact crystalline regions. UHMWPE 
molecular chains are extremely long and entangled, which provides 
improved resistance to 
wear. 
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molecular chains are extremely long and entangled, which provides improved resistance to 
wear. 
2.3.2 Material Properties 
Within the matrix of UHMWPE there are well-ordered (crystalline) and disordered 
(amorphous) regions. Crystalline regions contain molecular chains perpendicular to the 
chain folds, in the amorphous region the chains are randomly folded along with random 
connections, a diagram of the internal structure is shown in Figure 2.7. 
Interfacial Rogion 
Amorphous 
'hie, Region 
-Y Crystal¬9ne Lame Ha 
(a) (b) 
Figure 2.7: A schematic illustrating the internal structure of UHMWPE (a), showing 
crystalline and amorphous regions (Naidu et al., 1997) and (b) a TEM micrograph of the 
lamellae (Muratoglu et al., 2001) 
The mechanical properties of UHMWPE can be defined by four parameters, crystallinity, 
the number of tie molecules, degree of crosslinking and orientation of crystal (Wang et al., 
1997). Table 2.1 shows a comparison of the properties of both HDPE and UHMWPE. The 
high density of HDPE is due to its crystallinity, with an increased fracture toughness and a 
reduction in its brittleness, however it is less resistance to wear due to its low molecular 
weight. Figure 2.8 is a diagram illustrating the varying levels of crosslinking in both HDPE 
and non-irradiated and irradiated UHMWPE. 
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Table 2.1: Comparison of the physical properties of HDPE and UHMWPE (Li & Burstein, 
1994) 
Property UHMWPE HDPE 
Molecular weight (millions g/mole) 2-6 0.05-0.2 
Density (g/m3) 930-945 952-965 
Tensile yield (MPa) 19.3-23 26.2-33.1 
Melting point (°C) 125-135 130-137 
Elongation at break (%) 200-350 10-1200 
Figure 2.8: Comparison of crosslinking in 
UHMWPE, showing increasing levels of 
improved wear resistance properties. 
HDPE, UHMWPE and Gamma irradiated 
crosslinking due to irradiation resulting in 
(http: //www. orthoteers. co. uk/Nrujp-ij331m/Orthuhmwpe. htm) 
UHMWPE has excellent corrosion resistance, environmental stress cracking, cyclic failure 
with a very low coefficient of friction (Coughlan & Hug, 1986, Yamac, 1999), with the 
molecular weight in the range of 2-6 millions g/mole, which gives its extremely high wear 
resistance properties and enhanced mechanical properties. These properties do not 
necessarily reduce the amount of wear that may occur in vivo with an UHMWPE acetabular 
component (Yamamoto et at., 2001). Irradiation and ageing of UHMWPE can increase 
resistance to abrasive wear, under both smooth and rough femoral heads compared to non 
irradiated PE (McKellop et al., 1999). 
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2.3.3 Principles of Crosslinking 
Cross-linking is defined as linking between molecules in the amorphous region, which 
restricts the molecular mobility, and thus reduces molecular orientation, subsequently 
increases wear resistance under multi-direction motion (Wang et al., 1996, Wroblewski et 
al., 1996, Goldman et al., 1998, McKellop et al., 1999). Although crosslinking also reduces 
the mechanical and physical properties of the polyethylene, such as toughness, tensile 
modulus, tensile elongation, ultimate tensile strength, yield strength, hardness, crystallinity 
and melting temperature compared to HDPE. 
Three main methods have been used in the crosslinking of polymers, namely ionising 
radiation (radiation-induced crosslinking), Free Radical Generating Chemical (FRGC) 
(chemical- induced crosslinking) and the third method involves grafting a silane compound 
onto the polymer (silane-induced crosslinking) (Lewis, 2001). 
2.3.4 Gamma Sterilisation & Radiation-induced Crosslinking 
Gamma radiation sterilisation is by far the most cost effective and effective sterilisation 
method that is employed and is the preferred method for the majority of prostheses 
manufacturers. 
Gamma irradiation has been used since the 1970s as one of the methods of sterilisation for 
UHMWPE cups. Studies have shown that gamma irradiation can reduce the wear volume 
(Yamamoto et al., 2001). Irradiation of UHMWPE leads to a combination of chain scission 
and the production of free radicals (unpaired molecules) and the introduction of oxygen 
containing groups into the polymer molecule chain and also crosslinking. The degree of 
reaction is dependant upon many factors, such as the environment in which irradiation is 
carried out, irradiation dose, molecular weight and the crystallinity of the original material 
before irradiation. At 2-4 MRads, which is the radiation dose for sterilisation, chain 
scission dominates and there is very little crosslinking. These radicals are long-lived and 
are able to diffuse into or dissolve in the material during shelf storage, this can reduce the 
properties of the UHMWPE over time, this process also occurs in vivo. At higher doses, 5- 
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100 MRads, the free radicals that were formed can recombine to form crosslinks. Post- 
irradiation-induced crosslinking can eliminate free radicals that may be present. 
A very high dose (greater than 5 MRads) will lead to an increase in the crosslinks within 
the material. McKellop et al.. (1998) reported that the mean wear rate of UHMWPE could 
be reduced by up to 87% with an irradiation dose of 9.5 MRads, however the high dose can 
also lead to oxidative degradation. Gamma irradiation in an inert atmosphere helps to 
reduce the wear rate compared to irradiation in air (Costa et al.., 1998). A more recent 
study by Muratoglu et al. (2001) proposed a new method for crosslinking at a high 
temperature of 125 °C with a radiation dose of 9.5 MRads, showing improved wear 
resistance and high oxidation resistance along with improved mechanical properties 
compared to non crosslinked polyethylene. At high temperatures, the speed of crosslinking 
increases leading to link up of free radicals, it also leads to an increased mobility of free 
radicals trapped within the crystalline region again leading to more crosslinking. However 
more independent studies are required to fully understand the improvements in mechanical 
properties using the protocol for crosslinking outlined by Muratoglu et al.. 
2.3.5 Chemical-induced Crosslinking 
This involves mixing a FRGC with the resin powder during the processing stage of 
UHMWPE. The FRGC degrades at high temperatures, which results in the production of 
free radicals that remove hydrogen atoms in the polymer molecules. Reactive sites are left 
within the chains, reactive sites from other neighbouring chains link to form the structure, 
so crosslinking occurs in the molten state. The drawbacks are the agglomeration of 
crosslinks, imperfections within the crystals will arise, and there are by products, which if 
not eliminated can affect the long-term stability of the material (Lewis, 2001) 
2.3.6 Ethylene Oxide Sterilisation (EtO) 
Ethylene oxide gas (EtO) has been used as a sterilisation method for over a decade (Bruck 
& Mueller, 1988). It is extremely toxic, and is used to neutralise bacteria, spores, and vi- 
ruses. EtO can be used for the sterilisation of UHMWPE, as it contains no constituents that 
will react with or bind to the toxic gas. Studies have shown that using ethylene oxide gas 
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sterilisation does not influence the physical, chemical, and mechanical properties of 
UHMWPE (Wang et al., 1997). 
Recent studies have shown that acetabular cups that were sterilized using EtO showed 
notably less surface damage and delamination than gamma radiation sterilized components. 
The radiation sterilized components, on the other hand, had decreased elongation to failure, 
decreased toughness, and increased crystallinity (White et al., 1996). EtO sterilization does 
not seem to induce surface damage, which may be exacerbated by oxidative embrittlement 
of UHMWPE following gamma radiation sterilization in air (Costa et al., 1998). Current 
trends appear to indicate that gamma irradiation in an inert atmosphere is the most popular 
choice of crosslinking due to the relative ease of process and the degree of crosslinking that 
occurs. 
2.4 Metal-on-Metal (MoM) Total Hip Replacement 
2.4.1 Why Metal? 
Metal has remerged as a material of choice for the manufacture of total hip replacements 
along with UHMWPE THRs. Reintroduced recently with improved alloys, design, and 
manufacturing. Currently metal-on-metal bearings are used for surface hip replacement and 
for total hip replacement. They have clinically proven wear resistance higher than that of 
metal-on-polyethylene bearings. The other advantages are that the metal on metal bearing 
couple will polish away scratches on the surfaces, the so-called self-polishing capability 
(Heisel H. et al, 2003). Second, total hip joints with very large femoral ball components and 
thin-walled large cups may be manufactured practically only from this material. Total hips 
with very large femoral balls may also be less prone to dislocation. 
There is, as yet, one disadvantage. Metal on metal couplings produce high blood levels of 
metal ions, as yet, the significance of this fact is not clear. 
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2.4.2 Characteristics and properties of cobalt chrome alloys used for 
THRs 
There are two types of cobalt chromium alloys. One is the cobalt CoCrMo alloy, which is 
used to cast a product and the other is the CoCrMo alloy, which is usually wrought by (hot) 
forging. The castable CoCrMo alloy has been used for many decades in dentistry and 
recently, in making artificial joints. Cobalt-based alloys are highly resistant to corrosion 
and especially to attack by chloride within the crevice. As in all highly alloyed metals in the 
body environment, galvanic corrosion can occur, but to a lesser extent than in the iron- 
based alloys. 
Cobalt-based alloys are quite resistant to fatigue and to cracking caused by corrosion, and 
they are not brittle, since they have a minimum of 8% elongation. However, as is true of 
other alloys, cobalt based alloys may fail because of fatigue fracture (but less often than 
stainless steel stems). The abrasive wear properties of the wrought CoCrMo alloy are 
similar to the cast CoCrMo alloy. The superior fatigue and ultimate tensile strength of the 
wrought CoCrMo alloy make it suitable for the applications which require long service 
without fracture or stress fatigue. Such is the case for the stems of the hip joint prosthesis. 
Both the cast and wrought alloys have excellent corrosion resistance. The modulus of 
elasticity for the CrCo alloys does not change with the changes in their ultimate tensile 
strength. The values are higher than other materials such as stainless steels. The properties 
of various forms of cobalt based alloys are shown in table 2.3. 
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Table 2.2: Cobalt-Chromium Alloy Properties (Minimum properties from ASTM 
standards) 
Type Condition 
Tensile 
Strength 
MPa] 
Yield Strength 
[MPa] 
Elongation 
[ /o] 
Cast CoCrMo 
(F76) 655 450 8 
Wrought 
CoNiCrMo Solution 
Annealed 795-1000 240-655 50 (F562) 
Cold- 
worked 
1790 1585 8 
Fully 
Annealed 600 276 50 
2.5 Wear Debris 
2.5.1 UHMWPE Wear 
Wear in vivo has been a major concern in the use of THRs, as particulates that are produced 
as a result of wear usually elicit a local host response, observed cellular response is 
dependent up on the size and nature of the wear material produced. The problems caused by 
wear debris was first identified by Charnley (1979) after the failure of the PTFE hip 
replacement, but believed that the erosion was linked with infection with the problem 
compounded by wear debris rather than wear debris being a cause. 
One of the earliest studies into the cause of osteolysis was conducted by Harris et al. (1976) 
who observed the presence of osteolysis in the femur. Subsequent analysis of retrieved 
tissues contained macrophages and voids which were believed to have been caused by the 
presence of PMMA particles. More recent studies have, through the analysis of retrieved 
tissues, shown a granulomatous tissue reaction together with macrophages, giant cells 
containing particles of polyethylene, metal and PMMA. However it was still assumed that 
PMMA was the main cause of the inflammatory response (Petty, 1991). This led to the 
term `cement disease', as the common link was the failure of fixation and the subsequent 
disintegration of the cement surface. Yet with the advent of cementless fixation techniques 
the problem was still present, which led to further problems described as metallosis in some 
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titanium stems, but no metallic debris were found in retrieved tissues (Schmalzried, 1992). 
This led to the conclusion that UHMWPE wear debris was the cause of the inflammatory 
response, the evidence for this has been growing since the 1980s through the analysis of 
retrieved tissues. Lombardi et al. (1989) reported the presence of osteolysis in two patients 
who had implants where no cement had been used, and believed it was caused by the 
metallic wear debris originating from the femoral head, both patients had a dense, fibrous, 
blackened membrane, which contained metallic debris both in the membrane and 
hystiocytes, however this is still an unresolved issue (Heisel et al.. 2003) 
The biological response combined with other factors plays an important role in the success 
or failure of the hip implant. The current belief is that wear debris, in particular UHMWPE 
wear debris, produced at the articulating surface is transported into the perioprosthetic 
tissue, where it elicits an inflammatory response leading to phagocytosis by macrophages 
(Ingham et al., 2000). This leads to the release of pro-inflammatory cytokines and 
mediators, such as IL-1, IL-6 and TNF-a, which stimulate osteoclastic bone resorption 
which then leads to osteolysis and eventual failure of the prosthesis, this process is 
recognised as aseptic loosening. 
2.5.2 UHMWPE wear debris in vivo 
The size and morphology of the particles plays a very important role when considering the 
distribution of the wear debris around the implant. Histological studies of retrieved tissue 
have shown that particles less than 5 µm in size tend to be found in macrophages, where as 
particles larger than 5 µm are associated with giant cells, found around the 
femoral and 
acetabular components of THRs (Petty, 1991, Schmalzried, 1992). 
Using tissue digestion techniques and SEM image analysis it now possible to determine the 
size, morphology and distribution of UHMWPE particles (Campbell et al., 
1994, Maloney 
et al., 1994, Campbell et al., 1995). The studies by Campbell et al. and 
Maloney et al. have 
shown particles to be present in vivo down to a size range of 0.3-0.5 µm, 
but it has now 
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been surmised that particles can be even smaller than this, typically in the range of 0. l µm 
and smaller (Scott et al., 2001). 
Five major particle morphological types have been identified through retrieval studies, from 
sub-micron to micron sized particles. Rounded (0.05-1 p. m), granular or elongated (1-5 
µm), thin fibrils, which have a diameter (0.2-0.3 gm) and length (5-25 µm), platelet type 
particles (10-400 µm), flakes or shreds (20 gm to 7 mm). Agglomerations of particles as a 
result of the isolation process are also commonly observed (Campbell et al., 1995, 
McKellop et al., 1995, Hailey et al., 1995, Campbell et al., 1996, Wang et al., 1996 Tipper 
et al., 2000, Affatato et al., 2001). Individual particles can be analysed further by way of 
shape descriptors, Equivalent Circle Diameter (ECD, a measure of size having units of 
length), Aspect Ratio (AR), Elongation (E), Roundness (R) (Mabrey et al., 2001). Particles 
are likely to differ in shape, but may not necessarily differ in size, when comparing wear 
debris generated from a THR to wear debris generated from a TKR; Kobayashi et al. 
(1997) found no significant difference when comparing ECD of THR particles to the ECD 
of TKR particles. Figures 2.9 - 2.11 show typical particle morphologies observed during 
SEM analysis Figure 2.9 (a) shows agglomeration of both granular type and fibril like 
particles, from 0.1 to several µm in size. Figure 2.9 (b) shows elongated particles greater 
than 5 µm in length surrounded by many submicron sized particles which are within the 
bioactive range (Fisher et al., 2000). Particles can be categorised according to shape, but as 
mentioned before they have many different morphologies. 
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Figure 2.10: (a) sample of particles, (b) fibril particle, and (c) a large platelet particle 
(All 
images originally obtained from Campbell et al., 1996, Hailey et al., 
1996, Tipper et al., 
2000) 
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Figure 2.9: SEM images of polyethylene particles, (a) agglomeration of particles, (b) an 
elongated particle surrounded by sub-micron sized particles (All images originally obtained 
from Affatato et al., 2003) 
Chapter 2 Literature Review 
(a) (b) (c) 
Figure 2.11: (a) Large platelet particle, greater than 100 µm in size, (b) sub-micron sized 
particles, (c) sub-micron sized particles (All images originally obtained from Campbell et 
al., 1996, Hailey et al., 1996, Tipper et al., 2000) 
Many studies have been conducted into the size and morphology of UHMWPE particles 
retrieved from perioprosthetic tissues of which a few are presented in Table 2.3. Tipper et 
al. (1997) isolated, identified and quantified particles ranging from 0.1-0.5 µm from 18 
tissues obtained from the acetabulum, which were generated by the Charnley metal femoral 
head articulating against a non crosslinked UHMWPE. Large particles in the order of 10 
µm were also present, consisting of platelets, shards and fibrils, however this was a small 
percentage of the overall number of particles present. A study by Shanbhag et al (1994) 
showed that 92 % of polyethylene particles retrieved from tissue were less than 1 µm in 
size, with a mean particle size of 0.53 µm. This average particle size is similar to many 
retrieval studies. This data is in good agreement with McKellop et al. (1995) who examined 
retrieved tissues showing similar results. 
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Table 2.3: Selected studies summarising the size range of UHMWPE particles retrieved 
from periprosthetic tissue 
Study 
Mean 
particle 
size 
(µm) 
Range of 
Majority of 
Particles (µm) 
Largest 
Particles 
Observed (µm) 
Shanbhag et al (1994) 0.53 - - 
Campbell et al, 1996 0.38 0.07-6.3 12 
Hailey et al, 1996 - 0.3-10 3000 
Hirakawa et al, 1996 0.8 - - 
Kobayashi et al, 1997a 0.7 0.3-1.5 - 
Kobayashi et al, 1997b 0.4 0.2-1.5 - 
Schmalzried et al, 1997 0.43 0.2-1.2 13 
Tipper et al, 2000 - 0.1-0.5 1000 
Iwaki et al, 2000 0.68 0.25-1.28 
Benz et al., 2001 0.5 0.25-1.28 250 
Elfick et al., 2003 0.69 - - 
In terms of wear particle distribution in situ, Schmalzried & Callaghan (1999) have 
suggested that the joint space was a factor in the movement of UHMWPE particles. 
UHMWPE particles would therefore be dispersed into the fluid in the region of the 
prosthetic joint, joint fluid flow will then in effect control the rate of osteolysis, as local 
concentration of wear debris will influence the rate of osteolysis at a given location. Other 
studies conducted prior to Schmalzried & Callaghan's, have shown the presence of focal- 
osteolysis in areas of bone loss surround the implant, demonstrating a significant 
correlation between volume and concentration of wear particles to the amount of bone 
resorption present (Revell et al., 1997, Kobayashi et al., 1997, Ingham & Fisher 2000). 
Studies have also shown that the distribution of wear debris is not even and confined to the 
perioprosthetic tissue, particles have been found in the draining lymph nodes of patients. 
Data obtained by Mabrey et al.. (2001) suggests that larger particles may get trapped within 
the hip capsule, whereas smaller particles can migrate to other areas of tissue. Particles 
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trapped within the hip capsule tended to be larger, more elongated than those found in 
synovial fluid. Table 2.4 shows the average dimensions of particles found in three different 
locations surrounding the hip joint, showing the difference in particle size as particles 
migrates away from the articulating surface. 
Whilst the sample size was small compared to other retrieval studies, there was a 
statistically significant difference between morphology of particles found in the hip capsule 
in comparison to particles found in synovial fluid, although there was no significant 
difference between the synovial fluid particles and the particles in the femoral canal. A 
possible explanation for the increased size of polyethylene particles found in the femoral 
canal "could be that the capsule acts as a physiological trap that holds the particles, while 
the smaller and rounder particles have the freedom to migrate" (Mabrey et al., 2001). 
The data presented by Mabrey et al. shows good agreement with data presented by Elfick et 
al. (2003) who also showed that particle mobility was dependent on the size of a particle. 
Small particles, less than 50 µm in size, were easily diffused from the articulating surface to 
the surround tissues, where as larger particles tended to remain near the source of particle 
production. 
Table 2.4: Size and shape descriptors for hip capsule, synovial fluid and femoral canal 
tissue showing the size difference between irradiated PE particles found in synovial fluid 
and surrounding tissues (ECD: Equivalent Circle Diameter, AR: Aspect Ratio, R: 
Roundness, all dimensions are in µms, (Mabrey et al., 2001)) 
ECD (µms) AR R 
Hip capsule 
Synovial fluid 
Femoral canal 
0.914 ± 0.019 
0.763 ± 0.012 
0.697 ± 0.009 
1.764 ± 0.025 
1.700 ± 0.029 
1.577 ± 0.016 
0.0642 ± 0.006 
0.681 ± 0.006 
0.715 ± 0.005 
Other factors, which may possibly affect particle morphology, could be the properties of 
the polyethylene itself. A study by Oonishi et al. (1992) on the effect of gamma irradiation 
on the clinical wear of UHMWPE acetabular cups indicated the positive effect of 
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irradiation in reducing wear. This is in agreement with a study conducted by Wang et al. 
(1996), who also supported the view that gamma irradiated acetabular cups showed much 
greater wear resistance than the unirradiated cups under a multi-directional hip simulator. 
The debris produced during wear simulation tended to be either fibrillar or equiaxed in 
shape. The fibrous wear particles were approximately 0.1-0.5µm in diameter and 1-10µm 
in length whilst the equiaxed particles were sub-micron in size. More recent studies by 
Oonishi et al. (2000) have shown that the size of the particle were influenced by the degree 
of crosslinking within the UHMWPE, irradiated PE particles tended to smaller and more 
rounded in shape. Yamamoto et al. (2001) found that in general the size and frequency of 
surface fibrils on the acetabular cups and the size of retrieved polyethylene particles 
decreased with increasing radiation. An unexpected find was the presence of large flakes of 
UHMWPE in the 50-150 MRads cups, thought to be a by-product of the brittle surface, this 
may also be due to the weakening of the crosslinking between the molecular chains in the 
material. 
2.5.3 Inflammatory Response to UHMWPE wear debris in vivo 
Inflammation is a response to the damage of tissue (Black, 2000), a physiological response 
to trauma, infection or the incursion of materials alien to the body; wear debris from 
UHMWPE would thereby be classed as a material alien to the body. After THA, a 
pseudosynovial membrane is produced around the area of articulation, a fibrous membrane 
may also form at the bone-cement interface (Fisher et al., 2000), it has been suggested that 
the formation of the membrane is usually complete within two years of implantation 
(Bullough et al., 1988). Although, on revision due to aseptic loosening, the fibrous tissue 
membrane tends to be thick and highly vascularised with heavy presence of macrophages, 
multi-nucleated giant cell and some lymphocytes, there is a direct association between the 
number of macrophages present and osteolysis. The likelihood of osteolysis is also 
increased if the number of particles exceeds 1x 1010 (Revell et al, 1997, Elfick et al., 2003). 
Macrophages and giant cells are a part of the phagocyte system, the principal function of 
the mononuclear phagocytes is in the detection of foreign material, which would then 
lead 
to phagocytosis and the eventual breakdown of the foreign material. Micro organisms are 
encapsulated by the macrophage and broken down, it also mediates the process of 
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inflammation and tissue repair. During this process cytokines are released along with other 
mediators of inflammation, which stimulate other cells in the defence of the host tissue and 
repair. Figure 2.12 shows the process of osteolysis as elicited by a foreign object. 
CAUSE HOST RESPONSE 
-iI- 
Mechanical action Activated 
such as Material immune 
fracture, wear or system 
corrosion. Types of 
particles to be Particles LymphokineS 
expected are 
Stainless steel, Activated 
CoCr, Polyethylene II Macrophage 
or PMMA 
Cytokines 
BIOLOGICAL EFFECT 
Bone 
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Aseptic 
Loosening, 
resulting in 
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----------------------- ----------------------- 
Implant 
Failure leading 
TNF ILI & I1,6 Osteoclast to pain and 
Collagenase activating removal of 
factor prosthesis 
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Figure 2.12: Schematic showing the process of osteolysis (Black, 2000, Fisher 2000) 
The tissue will try to phagocytose or digest and degrade the particles, but this will not be 
possible as the particles are bio-inert, and mono-nuclear phagocytes can only combat 
micro-organisms. This will then lead to the release of other cytokines and mediators, which 
will cause the formation of a granulomatous reaction and giant cells, in effect removing the 
particle from its surrounding environment. The primary effect of the cytokines released as a 
result of the UHMWPE particles, would be the mediation of osteoclasts to resorb bone 
(Black, 2000). The increase in osteoclastic activity stimulated by cytokines released by 
phagocytes, but without the production of osteoblasts results in bone loss. Subsequently a 
loss of structural integrity around the implant, chiefly at the implant-bone interface, will 
occur leading to loosening, pain and eventual failure. 
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Many of the cytokines released by the macrophages influence the generation and activation 
of osteoclasts (Ayers, 1983, Black, 2000). Interleukin-1 (IL-1), interleukin-3 (IL-3), 
interleukin-6 (IL-6), tumour necrosis factor a (TNF-a), granulocyte-macrophage colony 
stimulating factor (GM-CSF), macrophage colony stimulating factor (M-CSF), stem cell 
factor (SCF) and platelet-derived growth factor (PDGF) influence osteoclastic growth and 
activity (Fisher, 2000). It is apparent that some form of macrophage is present in almost all 
tissues surrounding an implant (Goodman et al., 1996). Analysis of retrieved tissues have 
also shown evidence of bone resorption that is non-osteoclastic, where macrophages, not 
osteoclasts have been identified as the principal cells in the regions of osteolysis (Revell et 
al., 1997, Curtis & Revell, 2001). 
2.5.4 In vitro study of UHMWPE wear particles 
Biological performance has two aspects: materials response and host response, the long- 
established method of defining biological performance (biocompatibility) has been to 
monitor material degradation that occurs during in vivo and in vitro testing and the host 
tissue response (Black, 2000). Whilst in vitro tests offer a way of investigating the 
behaviour of cells in response to UHMWPE wear debris, it is still a limited method as it 
does not provide a full picture of other biological and mechanical interactions between cells 
and tissues in the clinical situation to be investigated (Fisher & Ingham, 2000). It has 
already been shown from research that UHMWPE particles of different sizes stimulate 
macrophages to cause bone resorption, IL-1p, IL-6, IL-8 and TNF-a have all been 
identified through in vitro tests as some of the mediators of osteolytic response (Murray & 
Rushton, 1990, Shanbhag et al., 1995). However many investigators have failed to take into 
account the significance of using sterile endotoxin free particles during in vitro analysis, 
which may produce false results. 
This led Mathews et al. (1997) to devise a more stringent method of obtaining clinically 
relevant UHMWPE particles, by using a tri-pin-on-disc tribometer confined in a laminar 
flow cabinet. Particles were collected and separated according to their size, using a 
sequential filtration process and cultured using mouse peritoneal macrophages in agarose 
gel. The study showed that the particles induced the macrophages to mediate the release of 
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interleukins, with a high proliferation of TNF-a cytokines. Particles within the size range of 
0.1-10 µm were found to be the most biologically active (Mathews et al., 1997, Tipper et 
al., 2001). In human cell culture studies the most biologically active particles were found to 
be within the size range of 0.2-0.8 µm, this is not surprising since macrophages have 
evolved to detect and phagocytose micro-organisms, which vary in size from 0.5 µm (small 
bacteria) to 10 µm (yeast cells) (Fisher & Ingham, 2000). 
Studies have also indicated that the neutralisation of TNF-a and other mediators 
significantly reduced the extent of bone resorption, which may suggest that IL- I P, IL-6 and 
PGE2 may not be directly responsible for bone resorption and that other mediators may be 
involved. This is in agreement with a study carried out by Schwartz et al., where mice 
without the presence of TNF-a in their systems showed no inflammation or osteolysis 
(Schwartz et al., 1999). 
Although studies have identified what the causes of osteolysis are, it is still unclear as to 
precisely how particles cause the process of osteolysis in terms of numbers and volume of 
debris required to initiate the process of osteolysis leading to aseptic loosening. Since the 
recognition that the majority of the particles produced are sub-micron in size, new 
techniques are being developed to allow for the analysis of these particles. Elfick et al. 
(2001) technique of LDPA is one promising technique, but more independent studies are 
required to verify this method. 
2.5.5 Wear Debris of Metal-on-Metal Implants 
McKee used metal-on-metal THRs in the 1960s, but early failures led to eventual 
abandonment of these designs in favour of the Low Friction Arthroplasty (LFA) principle 
developed by Charnley. However there is now a renewed interest in metal-on-metal 
prostheses as a result of the long-term results of early metal-on-metal designs, namely the 
McKee-Farrar type, some of which have survived for up to 20 years with very low wear 
rates (Semlitsch & Willert, 1997). Early failures of the McKee-Farrar hip prostheses were 
believed to have been caused by poor design, surface finish and loosening within the body, 
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but manufacturing techniques have improved over the years, with greater understanding of 
material properties and process of lubrication and wear, which has fuelled the renewed 
interest. 
The original design of the McKee-Farrar prostheses (shown in Figure 2.13) was 
manufactured from CrCo, and the acetabular component was fixed into the acetabulum 
with screws. Due to the generation of high friction in the femoral head, cobalt-chromium- 
molybdenum (CoCrMo also known as VitalliumTM) was later used as a result of its high 
wear resistance properties. Initially the acetabular cups were manufactured with the same 
diameter as the head, but the need for a clearance became clear so as to limit equatorial 
binding and excessive friction (Dowson, 2000). 
Figure 2.13: Metal-on-metal McKee-Farrar hip replacements (from 
http: //www. midmedtec. co. uk/total_hip_history. htm) 
Around the same time, Huggler and Muller started using metal-on-metal THRs in 
Switzerland, manufactured from cast CoCrMo alloy, initially without any clearance, but 
later with a clearance of 200 µm. 
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The long life of some metal-on-metal implants led to an investigation of revised THRs in 
the late 70's, studies have shown wear rates at 2-5 µm per year for Muller prostheses after 
10-20 years use. Second generation metal-on-metal implants, such as the MetasulTM and the 
Weber-Sulzar THR, Figure 2.14, have shown a mean wear of 0.3 mm3 per year (Seiber et 
al., 1998). Although metal-on-metal have shown low wear rates in comparison to 
UHMWPE, it has now become clear that it is not the volume of wear that is the cause of 
osteolysis, rather the number of particles produced and volume concentration within a cell 
(Germain et al. 2003). Developing techniques for the measurement of distribution and 
number of particles will now be more important (Elfick, 2000) as this will provide a more 
accurate picture of what is occurring in vivo. 
1: 
Figure 2.14: A Weber acetabular component with a CoCr Metasul articular surface and a 
Metasul CoCr head (Hilton et al., 1996) 
2.5.6 Metal-on-Metal Wear Debris In Vivo 
The isolation of metallic wear debris is a much more difficult task compared to the isolation 
of UHMWPE particles. Particles can be lost through the isolation procedure, dissolution 
and also from the formation of particle agglomerates, making individual particles 
undistinguishable from one another. Catelas et al. has developed a technique were the 
particles are centrifuged and the pellets are imbedded in a resin, the advantage with this 
method is that the particles remain dispersed and there is a reduction in particle loss in 
comparison to the filtration process (Catelas et al., 2001). As part of the characterisation 
procedure many researchers employ transmission electron microscopy (TEM), as the 
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resolution is much higher due to the lower beam spread of 40 nm, whereas SEM has a beam 
spread of I pm. Studies using TEM have shown particles in the size range of 10-50 nm and 
10-400 nm (Doom et al.., 1996, Catelas et al., 2001) An example of a metal particle is 
shown in Figure 2.15 (Tipper, 2001). Various range of sizes have been reported for metal 
particles found in retrieved tissue some of which are shown in Table 2.5. 
tot 
, *06.40 
Onm 
Figure 2.15: A TEM micrograph of metal particles, the majority of the particles are less 
than 100 nm in size (Tipper, 2001) 
A recent study by Doom et al. used TEM and enzymatic isolation procedures to isolate and 
characterise particles. Particles retrieved from tissue were found to be mostly rounded with 
a small percentage elongated, all within the size range of 51-116 nm. Following this it was 
estimate that the number of particles produced could be up to 2.5x 1014 per year, nearly two 
orders of magnitude greater than the UHMWPE particles produced in a typical metal-on- 
polyethylene prostheses (Doom et al., 1998). However TEM travels through the specimen 
as opposed to SEM, which provides a projected image of the particle, therefore some 
particles may be misclassified in their shape and size. In a recent study by Catelas et al., the 
majority of the particles for McKee & Wright implants were more oval in shape (Catelas et 
al., 2001a, Catelas et al., 2001b). 
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It might therefore be inaccurate to assume that metal-on-metal particles are of a uniform 
size and shape (Ingham & Fisher, 2000), particles may also change shape in vivo, Shahgaldi 
et al. has shown that cobalt was lost at the debris site, but chromium was still present 
(Shahgaldi et al., 1995), indicating that some form of corrosion or an oxidative process is 
occurring. The body fluid consists of an aerated and warm solution containing 
approximately 1% weight fraction of sodium chloride (NaCI), other salts and organic 
compounds are also present in minor concentrations. Therefore the environment into which 
the implant is being placed is very corrosive, in the case of metal alloys, this could lead to 
uniform corrosion, crevice and pitting corrosion of the implant as well the particulate debris 
in terms of size and morphology. 
Table 2.5: Reported metal particle sizes retrieved from periprosthetic tissue. 
Study Method Isolation Particle Size Protocol Used 
Yamac et al., 1996 SEM Yes 0.3 µm 
Soh et al., 1996 TEM No 0.01 to 0.4 µm 
Doom et al., 1996 TEM Yes 0.094 µm (0.02-0.958 µm) 
Doom et al., 1996 TEM No 0.08 µm (0.006-1.2 µm) 
Doom et al., 1998 TEM Yes 0.42 µm (0.006-0.744 µm) 
The estimation of particle size provided by Doom et al. may also be low due to the 
distribution of metal-on-metal particles to other parts of the body via the lymphatic system, 
also found in the liver, spleen and bone marrow (Elfick et al., 200, Jacobs et al., 1996). 
2.5.7 Host Response to Metallic Wear Debris 
There is still a lot of debate as to whether metal-on-metal wear debris can cause osteolysis. 
Toxicity from metal corrosion does not seem to be a problem, metals used in orthopaedic 
implants have very low corrosion rates and are found as trace elements within the body, and 
therefore the body is able to deal with them. Increased Co and Cr levels have been observed 
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in patients, but well below the toxic range, indicating that the correct function of metal-on- 
metal implants can be observed by evaluating the Co and Cr levels in urine and serum for 
patients with metal implants. It is still unclear as to whether metal THRs can cause cancer, 
as there is no conclusive evidence linking metal THRs with carcinogenecity (Wagner & 
Wagner, 2000, Heise] et al., 2003). 
To date there has been no direct link between the second generation of metal-on-metal 
prostheses with osteolysis (Seiber, 1998). Osteolysis in metal-on-polyethylene prostheses is 
usually detected five years from implantation, and some MetasulTM implants have been in 
use for up to 10 years. Manley and Serekian (1994) have reported the presence of metal 
particles in osteolytic lesions, but it is still uncertain as to whether the metal particles were 
a factor in the formation of the lesions. The only evidence of osteolysis was in two hips 
with calcar resorption, from a study of 56 MetasulTM THRs (Manley & Serekian, 1994). 
Osteolysis in metal-on-metal implants seems to be a secondary effect. 
Metal-on-metal prostheses used by Muller showed no signs of migration but the roof of the 
acetabulum was often sclerotic. Histological samples obtained from the capsule did not 
indicate the presence of macrophages or giant cells, which are often associated with 
polyethylene wear debris. The capsule surrounding the implant was described as of normal 
thickness and showed no signs of inflammation during surgery (Muller, 1995). 
Histological studies of tissues retrieved from revised metal-on-metal prostheses have shown 
a mild to moderate macrophage penetration by metal debris within macrophages as 
agglomerates or singly in the cells, and tissue areas of necrosis associated with small 
amounts metal particles have also been observed (Seiber et al., 1991, Fisher & Ingham, 
2000). 
Another concern that has arisen is the distribution of metallic debris throughout the rest of 
the body. Metal debris dispersed to lymph nodes is not inert and causes changes within 
those organs (Bauer et al., 1993). There have also been reports of necrosis and some 
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fibrosis in lymph nodes in response to the presence of metal particles. Tissues with a high 
concentration of metal particles, such as the lymph node, the heavily laden macrophages 
might become necrotic. This has led to some concerns of an increased risk for the 
development of tumours of the lymphatic and haematopoietic system from metallic wear 
particles (Athanasou, 2002) 
Another issue of concern is the development of hypersensitivity to the metal ions released, 
namely metal associated hypersensitivity with types IV (slow reaction over a 48 hours 
period) and I (immediate response). For either to occur the metal ion must bind to a protein 
or cell. The immune response begins with the processing of the organometallic complex by 
an antigen-processing cell. An antigen-antibody reaction may cause local or systemic 
reaction, with symptoms, such as wheal-and-flare reaction on skin contact. There is evi- 
dence that link metallic debris with hypersensitivity in some individuals, but fortunately 
this is a very low percentage (Petty, 1991) 
2.5.8 Metal-on-metal wear debris in vitro 
In light of the inflammatory response of UHMWPE particle both in vivo and in vitro, 
studies have been carried on metallic particles since the re-emergence of metal-on-metal 
implants. 
A study by Bendall et al. (1996) has been shown that cobalt-chromium (Co-Cr) particles 
(0.5-5.0 µm) can elicit the production of TNF-a by human synoviocytes. Although the 
study indicates that Co-Cr can cause an inflammatory response, it did not taken into 
account that metallic particles from metal-on-metal prostheses are on the whole sub-micron 
in size going into the nanometer range. The bioreactivity of particles has been shown to 
depend on their size, composition and concentration (Archibeck et al., 2000). The size of 
the metal particles show that they have the potential to enter many different cell types, as 
well as being phagocytosed by macrophages. Therefore it is necessary to consider the 
effects of metal wear debris on the range of cells in the perioprosthetic environment (Fisher 
& Ingham, 2000). 
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A recent in vitro study by Germain et al. (2003) showed that cell response is dependent 
upon the size of the particle and volume concentration, particle volumes of 50 and 5 µm3 
per cell were found to be cytotoxic. Assuming that a particle is a sphere, 30 nm in diameter, 
a 50 gm3 volume of metal wear debris in a single cell would in theory contain an estimated 
number of particles in excess of 3.5 million, however the majority of particles will 
disseminated throughout the body, therefore a single cell is unlikely to contain so many 
particles. Although the number of particles generated in vivo is in excess of this number and 
in light of the research conducted by Germain et al., it would be safe to assume that metal 
wear debris has the potential to cause osteolysis at a given concentration and number. 
In vitro tests have looked at fibroblasts, osteoblasts, endothelial cells, macrophages and 
lymphocytes. Cobalt has been shown to produce more cellular toxicity than other elements 
(Petty, 1991) and led to altered phagocytic activity and cell death (Archibeck et al.., 2000). 
Cobalt at high dosage leads to an increase in cell death. Haynes et al.. (1998) showed that 
cobalt-chromium particles, at physiological concentrations, caused human mononuclear 
phagocytes to produce low levels of TNF-a, M-CSF, osteoclast differentiation factor 
(ODF-regulates osteoclast lifecycle), osteoclast differentiation factor receptor (ODFR) and 
osteoprotogerin (Opg-essential for bone resorption, inhibiting the differentiation and 
activation of osteoblasts). This study showed that cobalt-chromium wear particles might 
stimulate macrophages leading to the release of mediators of osteoclast differentiation, 
ODF, ODFR and Opg. Opg generated in vivo in response to wear particles will have an 
effect on the extent of osteoclastic differentiation and bone resorption. The secondary effect 
of that would be aseptic loosening. 
These studies do not provide any conclusive evidence as to whether metallic particles have 
a carcinogenic effect on the human body, but they do indicate that cobalt ions may con- 
stitute a hazardous risk for cobalt-chromium metal-on-metal implants (Archibeck et al., 
2000). 
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2.6 Ceramic-on-Ceramic 
Alumina-on-alumina total joint replacements have been in use since 1972. Alumina 
ceramic THRs have now been in clinical use, mainly in Europe, for more than 25 years, and 
have been improving ever since. Problems such as femoral head fractures and breakage of 
the ceramic cups have been reduced by improvements in design and the quality of the 
alumina ceramic used in production. Impingement between the acetabular cup and the 
femoral neck have been associated with wear and osteolysis, and stripes have been found 
on the femoral head (Stewart et al., 2001) 
2.6.1 Distribution and morphology of Ceramic-on-Ceramic wear debris 
in vivo 
In comparison to the study of metal-on-metal wear debris, very little is known about the 
accumulation of ceramic wear debris in perioprosthetic tissues and the distribution of 
alumina particles to sites surrounding ceramic prostheses. Histology studies that have been 
carried out on the pseudo synovial membranes and soft tissues retrieved from the acetabular 
cup-bone interface and the femoral stem-bone interface of both cemented and non- 
cemented ceramic on-ceramic prostheses, have shown sharp-edged polygonal yellow- 
brown particles. Particles of up to 5 µm in diameter and smaller granular debris have been 
observed inside macrophages. A study carried out by Lerouge et al. (1996) identified 
particles by SEM highlighted a mean size of 0.44 ± 0.25 pm. Analysis carried out Yoon et 
al. (1998) of particles isolated from three soft tissue samples from loosened Mittelmeier 
non-cemented acetabular cups confirmed submicron sized alumina particles, of mean size 
0.71 µm. Alumina ceramic wear particles generated in vivo are variable in their size and 
range from about 0.1 to 7 µm. 
2.6.2 Host response to Ceramic-on-Ceramic wear debris 
Very little information is available concerning osteolysis with ceramic articulations, and 
generally osteolysis has been limited to cases of massive wear. Huo et al. (1995), found no 
indication that would indicate the presence of osteolysis after a mean implantation time of 9 
years for non-cemented components. This is in contrast to finding by Yoon et al. (1998) 
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who concluded that ceramic wear particles could stimulate a foreign body response, leading 
to peri-prosthetic osteolysis. Articulating surfaces of failed prostheses showed cracking and 
wear scars on the weight-bearing surface. In light of this it is still unclear as to whether 
there is definite connection between ceramic particles and osteolysis, or rather the volume 
of ceramic particles that would lead to osteolysis. Particles will elicit a host response, but at 
what stage of the prostheses lifetime is still a point of debate and research. A recent 
literature review by Campbell et al. (2004) has shown that the incidence of osteolysis is 
rare, however if there is a catastrophic failure of the ceramic replacement, then the chances 
of osteolysis are substantially increased. Other studies reviewed by Campbell et al. that 
have reported Osteolysis in ceramic implants, have shown that Osteolysis was linked more 
closely with loosing of implants rather than the particles generated during wear. 
2.7 Wear 
2.7.1 Mechanisms of Wear 
Wear can be defined as the material lost as a result of fatigue, or motion between two 
counterfaces, and importantly it is recognised that wear, with regards to THRs, is a function 
of use, not time (Schmalzried et al., 2000). 
The two main mechanisms of wear occurring in THRs are known as adhesive and abrasive 
wear, occurring microscopically (0.1-1 µm) and macroscopic wear (1-100 µm). 
Microscopic wear would lead to sub-micron sized particles, where as macroscopic wear 
would result in large particles such as fibrils and large plate like particles. Other forms of 
wear can also occur through fatigue and oxidative corrosion, which is a chemical process 
rather than a mechanical process. All the above mentioned forms of wear can occur 
successively or through a combination of all four modes (Wang et al., 1995) 
Abrasive wear is damage to a counterface caused by motion with a surface comprising of 
hard asperities or particles trapped between the two counterfaces. In the case of metal on 
polyethylene THRs, cutting or ploughing as a result of scratches present upon the 
articulating surface would remove material from the polyethylene counterface. 
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Additionally, third body particles trapped between the two articulating surfaces can also 
further cause damage the femoral head. Damage to the femoral head by third body 
particles, would result in rough counterface, shown in figure 2.17(a), which in turn would 
lead to more abrasive wear thereby increasing the volumetric wear, in turn increasing the 
number of wear particles (Rieker et al., 2001). 
Metal-on-polyethylene THRs function in a boundary or mixed lubrication regime, where 
asperity contact is unavoidable resulting in wear at the counterface. Under these conditions 
load transmission is achieved by asperity contact and by the hydrodynamic action of the 
fluid film. Prediction of lubrication regimes can be achieved by using the soft 
elastohydrodynamic lubrication theory proposed by Jin et al. (1997). Results using this 
theory are presented in Figure 2.16, which shows the influence of varying radial clearance 
on the film thickness for metal-on-metal and metal-on-polyethylene counterfaces. The 
figures show that the film thickness decreases as radial clearance increases, and are similar 
for both combinations of materials. These results suggest that radial clearance is an 
important parameter for the lubrication of THRs. As implants wear, radial clearance 
becomes more important, particularly metal-on-metal implants, where high radial 
clearances can result in increased wear. 
Figure 2.17(a) is an example of damage to the femoral head as a result of third body 
particles. Figure 2.17(b) shows an SEM image of damage to the femoral head, note the 
multidirectional nature of the scratches observed (Bragdon et al., 2003, Wang & Essner, 
2001). Abrasive wear has been reported to be the most common form of wear experienced 
by metal-on-metal implants, it is believed that this form of wear is caused by hard particles 
such as carbides that may have been removed from the articulating surface and become 
trapped and may also cause the elevated levels of wear seen during the wear in phase 
(Medley et al., 1996, Wang & Essner, 2001, Bragdon et al., 2003, Cawley et al., 2003). 
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Figure 2.16: Predicted film thickness for metal-on-metal and metal-on-metal hip implants 
(Jin et al., 1997) 
(a) (b) 
Figure 2.17: (a) shows damage to a femoral head as a result of third-body wear, and (b) 
SEM image of a CoCr head damaged by PMMA particles (Bragdon et al., 2003, Wang, 
2001 respectively) 
Adhesive wear occurs when asperities adhere together, if the contact pressure is high, a 
layer of the soft material, such as PE, in metal-on-UHMWPE THRs, can deform plastically 
and asperities may bond to the harder counterface. Therefore once the shear stress at the 
interface becomes greater than the shear strength of the softer material, adhered asperities 
can be removed, becoming third body particles. Adhesive wear along with abrasive wear is 
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a common feature polyethylene based TJRs. Figure 2.18(a) and Figure 2.18(b) show the 
typical surface morphology of a PE cup, surface morphology of the PE cups show a fibril 
like surface, which may lead to elongated fibril like particles that have been observed both 
in vivo and in vitro (Saikko et al., 2001, Wang et al., 1995) 
(b) 
Figure 2.18: (a) SEM image of PE cup worn against a CoCr head for 3 million cycles in a hip simulator and (b) an SEM image of PE cup worn against CoCr head in vivo for 97 
months. (Saikko et al., 2001) 
2.7.2 Wear Measurement in vitro and in vivo 
Wear rates are measured in terms of linear wear and volumetric wear, both are required in 
order to understand the aspects of aseptic loosening. Linear wear is measured through the 
understanding of penetration depth and is useful in the investigation of mechanical failure 
of THRs in vivo. 
Also important is the gravimetric wear measurement, which is an indicator of the amount of 
wear debris produced. In vivo calculations of wear must be calculated from linear 
penetration of the femoral head into the acetabular cup. Weight loss measurement 
techniques are not possible for in vivo cups, as soak controls cannot be used, this technique 
is only possible for in vitro tests. In gravimetric wear calculations, a loaded and unloaded 
soak control must be maintained during tests, to take into any account any differences in 
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absorption that will occur, due to the hydrophilic nature of UHMWPE (Saikko, 1996). 
Using soak controls eliminates further errors in calculations of wear as fluid absorption can 
be accounted for, through changes in weight for the loaded and unloaded soak controls. 
Volumetric wear measurements can also be carried out by using a coordinate measuring 
machine (CMM) or shadowgraphs. The volumetric wear is calculated by subtracting the 
average volume changes from the average volume changes in the creep stations (Bowsher, 
2001). A comparative study carried out by Smith & Unsworth (1999) showed that there 
was no statistically significant difference between gravimetric and volumetric techniques in 
measuring wear rates for in vitro tests. 
2.7.3 Reported clinical wear of Metal-on-Polyethylene implants 
UHMWPE has been paired with metal femoral heads for a number of years now. This 
combination has been shown to be more wear resistant than conventional PE, crosslinking 
techniques have also improved wear resistance and reduced the effects of oxidation (Buford 
& Goswami, 2004). A number of studies have investigated wear of metal-on-polyethylene 
of which a few a shown in Table 2.6. 
Table 2.6: Wear rates for metal-on-polyethylene in vivo (Buford & Goswami, 2004) 
Study Femoral Bearing 
Head 
Diameter 
(mm) 
Average 
wear rate 
(mm/yr) 
Ohashi et al., 1989 CoCr 32 0.04 
Stainless steel 28 0.04 
Okumura eta., 1989 Stainless steel 22 0.14 
Livermore et al., 1990 Stainless steel 22 0.13 
CoCr 32 0.10 
Stainless steel 28 0.08 
Woolson & Murphy, 1995 CoCr 28 0.14 
Bankston eta[, 1995 CoCr 28 0.05 
Madey et al., 1997 Stainless steel 22 0.09 
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Although reported clinical wear rates are important they must however be viewed as a 
general comparison between the different forms of THRs, since the recognition that wear is 
a function of use rather than time as previously thought. Therefore it would be useful for 
the future study of wear to take into account not only the patients general details such as 
weight, age and implantation time, but also the types of activity a particular patient may be 
involved in, as this will no doubt affect wear and success of the THR in the long term. 
2.7.4 Reported clinical wear of Metal-on-Metal implants 
Assessment of wear of metal-on-metal implants is very difficult in vivo due to the 
extremely low wear seen in retrieved metal-on-metal implants. Many rely on implant 
retrieval and tissue samples from revisions to evaluate the performance of MoM implants, 
other studies have also looked at the levels of ion release in patients to assess the 
performance of MoM implants (Jacobs et al., 1996, Lhotka et al, 2003) 
A study by Weber (1999), presented the results of 865 MetasulTM THRs that were 
implanted between 1988 and 1997. Out of the 865 implants, 2.5% of them had failed at 10 
years. The reasons for failure were put down to the incompatibility of the cement used with 
the titanium stems and also concluded that poor surgical technique may have been a factor 
in the failure of the implants that failed, nonetheless the results show that there is a 97.5 % 
survival rate after 10 years of implantation. 
Wagner & Wagner (2000) reported the results of 70 MoM implants, with a follow up time 
of 2 to 5 years, reporting that 96 % were still performing well according to the Harris hip 
score. No osteolysis was found either at the stem region or cup region. An earlier study by 
Dorr et al. (2000), showed similar results to that of Wagner and Wagner, however analysis 
of retrieved tissue did indicate the presence of metal debris, although no sign of osteolysis 
was detected. Schmidt et al. (1996) reported that out of 40,000 metal-on-metal implants, 
0.1 % had to be revised due to loosening. The maximum time in situ was 5 years with an 
average linear wear rate of 2-5 µm/year, early revisions showed a linear wear rate of 15-20 
µm/year, indicating that there is initial wear in phase, where wear is significantly higher 
than during steady state conditions. 
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2.8 Role of Surface Topography 
2.8.1 Surface Topography in Relation to THRs 
Surface profiles are most commonly mapped out by using a surface profilometer, with a 
stylus to obtain a profile of the counterface. Measurements are taken over a defined cut-off 
length and an average of various parameters are obtained, which characterise the surface, 
providing information of the surface at a macro level. The most common parameters used 
are Ra (arithmetic mean of the roughness height) Ra is used for detecting general variations 
in overall profile height. Rq (root mean square of the roughness height), Rt (maximum 
roughness height between a peak and a valley) and R, (the distance between the mean line 
and the highest peak present). Although Ra provides a useful measurement of the surface 
roughness, this parameter alone will not itself provide a meaningful picture of what is 
occurring at the counterface, and when it changes, it usually signifies that something in the 
process has changed. 
Because Ra is an average, defects in the surface do not greatly influence the results, 
therefore this is not useful in detecting defects. However Ra combined with Rp would 
provide a more detailed representation of surface texture. Rp in such cases would be the 
most important parameter as it is the peak scratch height that is measured, and therefore 
comes into contact with the acetabular component, creating the greatest damage. Care must 
be taken as to which parameters are best used to describe the surface, Hall et al. (1997) has 
shown that profile peak area along with Rp and Ra provide a better understanding of the 
scratches found on explanted femoral heads and the effects of surface texture on the upon 
wear. 
Surface topography of the femoral head will have a direct effect on the wear volume, wear 
rate and the type of wear that occurs both in vivo and during in vitro tests. Many studies 
have been carried out to determine the extent and effects of surface topography of the 
femoral head upon the acetabular component. Table 2.7 shows a summary of recent studies 
where retrieved heads were examined and measured for the levels of surface roughness 
present. The most severe case of roughness reported is by Tipper et al. (2000) with an Ra of 
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4.3. m for stainless steel heads, however this is not representative of the bulk of retrieved 
THRs. A comprehensive review by Bowsher has shown that femoral head roughness does 
not usually exceed 0.4 µm (Bowsher, 2001). 
Table 2.7: summary of published surface topography of retrieved heads from metal-on- 
polyethylene prostheses (Bowsher, 2001) 
Mean 
Study No. of implant Roughness range Rp Range or 
cases time (yrs) or max. maxima 
Wroblewski et at, 4 20 Ra 0.008 µm to 0.102 pm 1992 
Isaac et at, 1992 71 9 Ra 0.0 13 µm to 0.4 pm 0.30 µm 
Jasty et at, 1994a 23 4.3 
0.1 to 2 µm deep 
scratches 
Bauer et at, 1994 45 2.6 max Ra 0.002 µm to 0.47 µm 
Hall et a, 1996 129 10.7 Ra 0.02 µm to 0.19 µm - 
Hall et al, 1997 35 12 Ra 0.08 µm, R, 1.55 µm 0.40 µm to 0.69 µm 
Kusaba and Kuroki, 36 9 Ra 0.006 µm to 0.06 µm 1997 - 
Minakawa et al, 1998 10 14.4 - 0.05 µm to 2.3 µm 
Sychterz et al, 1999 20 8.5 Ra 0.022 µm to 0.098 µm - 
4.1 µm Tipper et al, 2000 18 12.9 Ra 0.01 µm to 4.3 µm 
Raimondi et al, 2001 5--0.3 µm to 1.3 tm 
Further analyses using SEM have also been used in many studies to determine the type of 
damage that can occur in vivo, providing information at a micro level as to what is actually 
occurring at surface of the femoral head or acetabular cup. With regards to femoral heads, 
scratches tend to be multi-directional in nature with varying Ra and Rp, see Figure 2.19. 
Peak height (Rp) would appear to be the critical factor when considering damage to 
polyethylene cups, resulting from damage in the femoral heads. Abrasive wear as a result of 
third body wear appears to be the cause of most damage that occurs in vivo. Surface 
examination of polyethylene cups, revised due to loosening, show extensive abrasive wear, 
pitting and fatigue fracture (Willert et al., 1991). 
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Figure 2.19: Surface examination of a retrieved CoCrMo femoral head, showing multi- directional scratches, both straight and curved, ranging from approximately 1-100 µm in length and 0.1-5 µm in width 
Hall et al. (1997) noted that material(s) build up on either side of scratches was the major 
cause of the increased wear observed; this was especially true if the scratches were 
orientated perpendicular to the direction of wear. Wear, in particular, abrasive wear can be 
reduced to a certain extent by the use of highly crosslinked polyethylene as demonstrated 
by Yamamoto et al. (2001), where highly crosslinked polyethylene cups showed reduced 
wear rates, scratching, delamination and less abrasive wear. 
2.8.2 Surface Topography and its Influence In vivo 
There has been much debate as to whether the surface topography has any effect on the 
wear of acetabular cups. Many studies have concluded that the counterface roughness has 
no adverse effect of the wear of the cup (Isaac et al., 1992, Elfick et al., 1999) in situ, 
through the analysis of retrieved prostheses. Hall et al. (1996) on the other hand showed a 
positive correlation between the surface topography and the clinical wear factor, K. Elfick 
et al. (1999) however concluded that although a relationship exists between the surface 
topography and the rate of wear, the relationship is very weak, as there is a high degree of 
scatter of K versus Ra, shown in Figure 2.20. 
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Figure 2.20: Variation of the clinical wear factor K versus Ra for retrieved Charnley 
prostheses (Hall et al., 1996) 
Although the relationship between the wear rate and roughness may be weak according to 
Elfick et al., studies conducted by Wang et al. (1998), McKellop et al. (1999), and Endo et 
al. (2000) have shown an increase in the volumetric wear through in vitro testing in hip 
simulators. Wang et al. (1998) has carried out a comprehensive study using a hip simulator 
on the effect of the roughness of a femoral head and the lubricant (in this case bovine 
serum) against UHMWPE, and reported that the wear rate of the UHMWPE is 
approximately proportional to the square root of the femoral head roughness. 
Early studies have shown the effect of femoral head roughness is significantly less when 
compared to pin-on-disc studies (Wang, 1996, McKellop et al. 1999). However, these 
studies have used relatively low physiological loads, a peak load of 2500 N, based upon 
previously published data (Paul, 1966). Thus, when considering increased patient activity 
such as jogging (Bergmann et al., 1993), femoral head surface damage may be more 
influential when considering the wear rate and morphology of polyethylene wear debris 
generated under these conditions. 
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A study by Bowsher & Shelton (2001) using a fully roughened head under normal walking 
produced a six-fold increase in wear, agreeing with Wang et al., (1998). Nevertheless, the 
wear is considerably less than that which is produced when using linear pin-on-disc wear 
machines. Bowsher & Shelton's study also looked at the effects of increased patient activity 
on the wear of lightly crosslinked polyethylene using a fully roughened femoral head. 
Under simulated jogging (105 rpm, 4500 N max) a fully roughened femoral head, with an 
Ra of 0.4 gm and maximum Rp of 3.0 gm, produced a massive influence on the wear rate, 
generating wear greater than 2000 mm3/106 cycles for 5 MRads gamma irradiated lightly- 
crosslinked polyethylene. 
Multi-directional hip simulator studies, using bovine serum as the lubricant, have shown a 
reduced influence of the femoral head roughness against the wear of UHMWPE cups. Pin- 
on-disc studies using bovine serum as a lubricant showed a 30-fold increase in wear (Fisher 
et al., 1995), where as studies using a hip simulator, under a physiological load, only 
showed a 2-3 fold increase (Wang et al., 1998). This result is matched by McKellop et al. 
(1999) who studied both crosslinked and non-crosslinked UHMWPE cups, against smooth 
and rough femoral heads. Reporting a small increase in the wear rates for both types of cup, 
with the crosslinked polyethylene performing better. McKellop et al.. also reported a 
reduction in the wear rate on subsequent test intervals, attributing this to a polishing of the 
surface scratches on the ball by the polyethylene. 
Figure 2,21 shows the wear of PE against smooth and rough femoral heads showing a 
direct link with wear and counterface roughness. 
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Figure 2.21: In vitro comparison of wear of crosslinked and non-crosslinked cups with 
smooth and rough femoral heads (McKellop et al., 1999) 
In vitro studies are in good agreement with retrieval investigation such as Hall et al. (1997), 
which show a weak correlation between roughness and wear of the polyethylene cup. 
Single prominent scratches also have little influence on the wear rate, indicating that the 
process of wear is multi-factorial and roughness alone cannot explain high clinical wear 
(Bowsher, 2001). Factors such as patient activity, surface finish, bone and cement debris 
must be taken into account when considering future tests, as these parameters will no doubt 
influence the wear rate and also particle morphology. 
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2.9 Project Aims and Objectives 
Early clinical studies of crosslinked polyethylene based THRs have shown significant 
reductions in wear compared to non crosslinked polyethylene and has become the material 
of choice for acetabular components, with second generation metal-on-metal implants 
making a comeback. However, aseptic loosening remains the major cause of failure 
regarding polyethylene based implants. Wear debris has been identified as one the major 
parameters which can lead to aseptic loosening, and numerous studies have shown that 
wear debris of a particular size and morphology can induce osteolysis. Most studies have 
only considered walking as the major activity undertaken by patients; which may not be 
appropriate for the younger and more active patients who require hip replacements. For 
these people activity rather time in situ maybe the main controlling factor in terms of wear. 
The aim of the current work is to evaluate THRs in in vitro tests under adverse conditions, 
such as walking and jogging, to determine improved clinically relevant data. In addition the 
work aims to establish the effect of rough femoral heads on the wear, particle size and 
morphology of the particles generated. 
The hypothesis for this research is that activity as well as surface topography can affect the 
performance of THRs, in turn affecting the type of debris produced. 
Ultimately this will lead to the generation of a model for the prediction of wear under high 
activities and assist in the selection of an appropriate implant that suits the patient lifestyle 
in terms of activity. 
The aims will be achieved through a series of objectives namely to understand: 
" the influence of surface damage under increased activity on the wear and particle 
morphology of metal-on-polyethylene implants 
" the influence of the size of the damaged area on the wear process of metal-on- 
polyethylene implants 
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" the influence of bearing diameter on the wear rate and particle size and morphology for 
metal-on-metal implants. 
" the influence of activity combined with bearing diameter on the wear rate and particle size 
and morphology for metal-on-metal implants. 
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Chapter 3 Materials & Methods 
3.1 MTS 8-Station Hip Joint Wear Simulator 
3.1.1 Hip Wear Simulator 
All wear tests were performed using an 8-station hip joint simulator (MTS Systems, USA), 
utilising a sun and planetary gear system, producing eight synchronised and repeatable load 
and wear paths. This type of simulator has been previously described in detail and used 
successfully in many previous studies (Wang et al, 1998, Bowsher & Shelton, 2001). 
Each actuator is attached to a mounting block inclined at 23° from a vertical alignment to 
provide a biaxial rocking motion, 46° in total, when in rotation. The simulator applies a 
single joint force in one axis, in this case vertically. The combined application of force and 
rotation replicates the kinematics of walking, simulating both the flexion-extension and 
abduction-adduction of the human gait cycle during normal walking. A servo hydraulic 
motor is used to drive the gear assembly system located below the actuator pistons, which 
provide the simultaneous axial and rotational movement for the inclined block. A proximity 
switch, triggered at every cycle load, insures synchronisation of the walking action and the 
preset loading profile for all stations. 
Control of the hip simulator is provided via the TestWare SX control system connected to a 
PC and TestStar II control software, which can be used to run any pre-programmed loading 
profile up to 5000 N, shown in Figure 3.1(a). This allows constant monitoring of speed, 
torque, displacement during testing and collection of data for further analysis, which can be 
viewed via Excel. A schematic showing the configuration of the test chamber and tests 
specimens in a physiological configuration are shown in Figure 3.1(b), showing how the 
force is applied and the rotational movement that combines to produce force profile that 
represents one complete human gait cycle. 
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Figure 3.1: (a) Photograph of the MTS hip simulator with the TestWare SX control system, 
and (b) a schematic diagram of the MTS 8-station hip joint simulator shown in a 
phyisological configuration (Bowsher, 2000) 
52 
Chapter 3 Materials & Methods 
The specimen fixtures used in securing the acetabular cups during testing are also shown in 
Figure 3.2 and Figure 3.3. The partially constraining fixtures used during PE testing 
clamped 2 mm of the outer diameter of each socket. Each station has a test chamber 
mounted upon a stainless steel base plate, which is then mounted upon the inclined block. 
The femoral head was fixed onto a taper and placed within the chamber, as shown in Figure 
3.2. In order to prevent rotation of the socket within the socket fixture, two flat faces were 
machined on each side of the socket, which matched the profile of the clamping plate, 
providing a secure fit, allowing no movement of the socket during testing 
Figure 3.2: Image of the specimen fixtures used during testing of PE, and the assembly of 
the specimen fixtures within the test chamber with lubricant (Bowsher, 2000) 
j 
Figure 3.3: Image of the specimen fixtures and assembly used during testing of 
MoM 
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3.1.2 Lubricant 
For wear tests each chamber was filled with a lubricant. The lubricating medium contained 
new born calf serum (Sigma UK, C-6278) diluted to 25% using 0.05 µm filtered deionised 
water with 0.1% sodium azide for bacterial retardation, additional water was used to 
compensate for serum evaporation during testing through daily checks of lubricant volume, 
ensuring that lubricant volume was maintained at a constant volume of 500 ml. To prevent 
any contamination and minimise evaporation of the serum, the chambers were sealed with 
polyethylene bags. Each test was run for 0.5x 106 cycles after which gravimetric 
measurements of sockets would be taken, for the calculation of volumetric wear and wear 
rates, and the lubricating medium changed. All tests were carried out at a constant 
laboratory temperature of 24° C. 
3.1.3 Loading Profiles 
Walking tests used a Paul-type physiological loading profile, shown in Figure 3.4, with a 
maximum peak load of 2450 N and a minimum load of 50 N applied at 60 rpm (1 Hz cycle 
time). A minimum load was maintained at 50 N so as to maintain the hydraulic pressure 
that drives the planetary gear system, in turn allowing for accurate application of the force 
profile for all stations simultaneously. For jogging tests a profile was used according to data 
presented by Bergmann (1992), shown in Figure 3.5, with a maximum peak load of 4500 N 
applied at 105 rpm (1.75 Hz cycle time). Jogging tests were run for 14400 and 28800 cycles 
equating to jogging for 2 and 4 hrs respectively. 
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Figure 3.4: Walking profile (a) used in simulated walking tests on the MTS hip simulator 
(inverted) and (b) walking profile obtained by Paul, with variation of bodyweight against 
time (1966) 
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Figure 3.5: Jogging profile (a) used in simulated jogging test on the MTS hip simulator 
(inverted) and jogging profile (b) obtained by Bergmann (1993) from an instrumented hip 
replacement. HS and TO indicate the points of Heel Strike and Toe Off respectively 
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3.2 Components Used 
The materials used in all wear tests were components that had been supplied by major 
manufacturers of orthopaedic implants ready for implantation. 
3.2.1 Metal on Polyethylene 
The tests components used in all metal-on-polyethylene tests consisted of 28 mm diameter 
CoCrMo femoral heads (ULT*FEM) and lightly crosslinked (5 MRads) UHMWPE cups, 
supplied by a major orthopaedic manufacturer (Depuy Ltd, a Johnson & Johnson 
Company). All test components were supplied in sealed packages ready for clinical 
implantation. The acetabular sockets were machined from extruded cylindrical rods of 
GUR 1020. After machining, all sockets were cleaned and vacuum foil pouched, followed 
by gamma irradiation in an inert atmosphere (nitrogen), with a maximum dose of 50 KGy 
(5 MRads). Once opened, all test sockets were first weighed, and then soaked in deionised 
water at 37°C for a period of approximately one-year prior to testing. 
3.2.2 Metal on Metal 
The test components used in all metal-on-metal tests consisted of 18 bearings in total 
supplied by a UK orthopaedic company (Corin, Medical, Cirencester UK). These included 
four 28 mm, ten 40 mm and four 56 mm diameter metal-on-metal hip joints, Figure 3.6. All 
bearings were manufactured from high carbon CoCrMo alloy in a standard double heat- 
treated condition, hot isostatic pressed and solution annealed. The mean radial clearances 
for all 28,40 and 56 mm bearings were; 42 µm (range 35-53 µm), 119 µm (range 104-144 
p m) and 142 p. m (range 131-149 µm) respectively. 
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28 nimm 40 mm 56 mm 
Figure 3.6: Image showing 28,40 and 56 mm diameter metal-on-metal tests components used during testing 
3.2.3 Surface Topography Measurement 
Surface topography measurements of femoral heads were measured before and after wear 
tests using a surface contact profilometer (Surftest SV-400, Mitutoyo, Japan), with a cut-off 
length of 0.4 mm. Measurements were taken at eight locations, two measurements at each 
location, 90° apart, providing a total of sixteen measurements from which mean values 
were obtained, two roughness parameters were measured, Ra, and Rp, defined in appendix 
1.4. Figure 3.7 shows the location of the points at which surface topography measurements 
were obtained from the femoral heads. 
Figure 3.7: Location of surface measurements on the femoral head 
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3.2.3.1 Smooth Conditions 
The highly polished CoCrMo heads had a mean head diameter of 27.99 mm, with an initial 
surface roughness (Ra) of 0.012 µm. For test purposes all femoral heads were mounted on 
12/14 tapered 316L stainless steel fixture. 
3.2.3.2 Roughened Heads 
For tests conducted under simulated damaged conditions, each femoral head was scratched 
in such a way as to create the levels of roughness and damage that has been recorded from 
retrieved metallic femoral heads (Wroblewski et at, 1991, Isaac et al, 1992 Hall et al, 1997, 
Sychertz et al, 1999), described in detail in appendix 1.3. When simulating damaged 
femoral head conditions, damage to the femoral head was located at the area of maximum 
sliding velocity on the acetabular socket. Figure 3.8 shows the location of damage to the 
femoral head in relation to the acetabular cup. Scratched areas were created using 400 grit 
SiC paper, applied to the femoral head in a circular motion, producing multidirectional 
scratches, representing conditions that have been found on retrieved femoral heads, see 
Figure 2.17. All scratches were located in the upper hemisphere of each femoral head, with 
the fully roughened head covering damage over the entire upper hemisphere (Figure 3.9 (c). 
Location of damage 
Regions of increased 
roughness 
Acetabular cup 
Femoral Head 
Ind 
Figure 3.8: Location of damaged areas on the femoral head in relation to the position of the 
acetabular cup 
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Figure 3.9 (a) to (c) show the visual comparison of virgin femoral heads and roughened 
femoral heads, Figures 3.9(b) and 3.9(c) show the differences in surface finish, from 
smooth to rough. Femoral heads with partially roughened areas covered damage over an 
area of 5 mm diameter (20 mm2), 10 mm diameter (80 mm2) and 15 mm diameter (176 
mm`), initial topography of each roughened femoral head whether fully or partially rough 
was controlled to a median surface roughness Ra of 0.4 µm, with a maximum scratch height 
of 1.5 µm R. This was achieved through the regular measurements of the surface finish 
following the application of the grit paper to roughen the surface. 
ý1ý, 
(a) (c) 
Figure 3.9: (a) Smooth femoral head, (b) 10 mm diameter partially roughened femoral 
head, and (c) fully roughened femoral head 
3.2.3.3 Discrete Scratch Tests 
As well conducting tests under rough conditions that represented damage similar to in vivo 
conditions, tests were also conducted using three single scratches applied to the area of 
maximum sliding velocity, to form an asterisk, Figure 3.10 and Figure 3.11. This was 
achieved by using a diamond indenter, which applied a scratch over a specified length with 
a maximum scratch height of 1.5 µm Rp. One femoral head was also scratched covering the 
entire upper hemisphere, extending 180° from the equator, through the pole and back down 
to the equator, this method has been used previously and described in detail by (Barbour et 
al. (2000). 
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Figure 3.10: Top view of femoral head showing the location of scratches in the form of an 
asterix 
(a) 
(b) 
atches of arc length 5, 
mm to be located here 
---------- Equatorial line 
Figure 3.11: (a) Side profile femoral head showing location of scratch and (b) side profile 
of a single scratch, with a maximum height of 1.5 µm Rp 
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3.3 Wear Testing 
3.3.1 Wear Test 1 Metal-on-Polyethylene 
Five stations contained CoCrMo femoral heads articulating against UHMWPE cups, and 
one station used a Zirconia femoral head articulating against UHMWPE. Initial walking 
tests (Test 1.1) consisted of 442,390 cycles per test, in total 2,654,340 cycles were 
completed. Upon completion walking tests, jogging tests were carried out (Test 1.2). At the 
start of the jogging tests, the sockets were run for 0.2 million cycles of walking, 
immediately followed by 2 hrs of jogging. The 0.2 million cycles were carried out in order 
to take into account any creep or deformation that may have occurred during the time that 
the sockets were in soak. In total, 129,600 cycles were completed for smooth jogging tests. 
Following the jogging tests, the sockets were then run for a further one million cycles under 
simulated walking, to observe any long-term influence of jogging upon volumetric wear. 
3.3.1.1 Wear testing under rough conditions 
Tests were carried out under simulated damaged conditions. In this case three femoral 
heads were deliberately scratched over an area of a specified diameter at the point of 
maximum sliding velocity, which is 23° off the centre of the femoral head, with one head 
scratched over half of the sphere. The median Ra of this scratched area was 0.4 µm with a 
maximum Rp of 1.5 µm. The scratches were applied in such a way as to simulate scratches 
found on retrieved femoral heads, which show multidirectional scratches (Wang, 1999). 
Walking and jogging tests were repeated under simulated damage conditions with 
roughened areas of 20 mm2 (5 mm diameter), and 80 mm2 (10 mm diameter), with one 
CoCrMo femoral head fully roughened. Attempts were made at roughening the Zirconia 
femoral head, but no discernible difference was measured using the surface profilometer, 
this is also reflected in the wear rates observed. The fully roughened head from test period 
1.5 to 1.8 was not re-roughened. 
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Table 3. I: Summary of tests for Wear Test One. Identical tests were carried out for the fully 
roughened head, however surface roughness covered an area of 1230 mm2 under simulated damaged conditions 
Number Activity Frequency Test Test type Femoral head condition of Cycles level (N) (rpm) (million) 
1. l Walking Smooth 0.0-2.7 2450 60 
1.2 Jogging Smooth 2.7- 3.0 4500 105 
1.3 Walking Smooth 3.0- 4.0 2450 60 
1.4 Jogging Smooth 4.0- 4.1 4500 105 
1.5 Walking Partially rough 20 mm2 4.1- 5.1 2450 60 
1.6 Jogging Partially rough 20 mm2 5.1- 5.2 4500 105 
1.7 Walking Partially rough 80 mmz 5.2- 6.2 2450 60 
1.8 Jogging Partially rough 80 mm2 6.2- 6.3 4500 105 
3.3.2 Wear Test 2 Metal-on-Polyethylene 
Wear test two consisted of two smooth CoCrMo femoral heads and sockets, one rough 
CoCrMo femoral head with original test socket and one Zirconia femoral head with original 
test socket head, remaining from wear test one. Walking tests were carried out in order to 
wear in the two new femoral heads over 5 million cycles.. The femoral heads were then 
roughened over an area of 15 mm diameter (an area of approximately 180 mm2) at three 
different grades of surface roughness, 0.2 gm, 0.5 µm, and 0.8 µm, which represented the 
worst case scenario for a damaged femoral head (Wang, 1996). These heads were re- 
roughened to these values following each test. The Zirconia femoral head was replaced 
with a fully roughened CoCrMo femoral head with an Ra of 0.39 gm, after five million 
cycles, and was not re-polished during consecutive tests. Simulated walking and jogging 
tests were then repeated under damaged conditions. Slow walking at 60 rpm for 0.5 million 
cycles and fast walking at 105 rpm for 0.1644 million cycles, followed by slow jogging at 
60 rpm for 0.1644 million cycles and fast jogging at 105 rpm for 0.1644 million cycles. A 
summary of the tests conducted during test 2, are presented in Table 3.2. 
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Table 3.2: Summary of tests for Wear Test Two 
Test Test type Femoral head condition 
Number of 
Cycles 
(million) 
Activity 
level 
(N) 
Frequency 
rpm) 
2.1 Walking Smooth 0.0-5.0 2450 60 
2.2 Walking Partially rough 176 mmz 5.5-6.0 2450 105 
2.3 Walking Partially rough 176 mm2 6.0- 6.5 2450 60 
2.4 Jogging Partially rough 176 mm2 6.5-6.66 4500 105 
2.5 Jogging Partially rough 176 mm2 6.66-6.82 4500 60 
Table 3.3 : Table of samples collected for PSA and SEM analysis 
Sample ID Test Type 
Femoral Head 
Condition 
1 Walking Smooth 
2 Walking Smooth 
3 Walking Smooth 
4 Jogging Smooth 
5 Jogging Smooth 
6 Walking 5 mm rough patch 
7 Walking 10 mm rough patch 
8 Walking Fully roughened 
9 Jogging 5 mm rough patch 
10 Jogging 10 mm rough patch 
11 Jogging Fully roughened 
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3.3.3 Wear Test 3 Metal-on-PE Discrete Scratch Tests 
Wear test 3 consisted of six 28 mm diameter femoral heads articulating against UHMWPE 
sockets. The test consisted of walking and jogging tests under both smooth and rough 
conditions. Initial phase of the testing consisted of a wear in phase for 1.5 million cycles 
followed by steady state wear for I million cycles for all femoral heads. Following tests 
under smooth conditions, tests were conducted under rough conditions. Two femoral heads 
were damaged using single scratches to form an asterix at the point of maximum sliding 
velocity (see Figure 3.10), 5 mm in length, and one head fully scratched, scratches to form 
an asterisk covering the entire upper hemisphere. Three more heads were damaged by 
scratching that represented physiological conditions in vivo, over an area of 15 mm 
diameter (see Figure 3.9). Following damage further tests were then carried out, at one 
million cycles of walking followed by 4 jogging tests, alternating between 2 and 4 hours 
respectively. Subsequent to this, the heads were then re-scratched, extending the scratch 
length to 10 mm at the same location and the tests repeated. The fully scratched head was 
not re-scratched, although the same tests were carried for this particular head. 
Table 3.4: Summary of tests for Wear Test Three 
Test Test type Femoral head condition 
Number of 
Cycles 
(million) 
Activity 
level 
(N) 
Frequency 
(rpm) 
3.1 Walking smooth 0.0-2.5 2450 60 
3.2 Walking Damaged 2.5-3.5 2450 60 
3.3 Jogging Damaged 3.5-3.58 4500 105 
3.4 Walking Damaged 3.58-5.58 2450 60 
3.5 Jogging Damaged 5.58-5.66 4500 105 
3.3.4 Wear Test 4 Metal-on-Metal 
The test specimens were divided into two groups. Group one consisted of four 28 mm and 
four 56 mm bearings, and group two consisted of ten 40 mm bearings. Initially, all 
components in groups 1 and 2 were subjected to 6 and 3 million cycles of standard walking 
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respectively, to generate steady state wear conditions. During testing, all bearing couples 
were positioned physiologically, i. e. cup above a moving femoral head, thereby creating 
similar in vivo wear conditions. Following all walking tests, both groups were then 
subjected to one million cycles of simulated fast jogging at 105 rpm (1.75 Hz). 
A one-hour stationary rest period every 8,000 cycles was incorporated into all jogging tests 
to prevent unphysiological joint temperatures, temperature of laboratory was increased to 
37 °C from 24 °C, qualitative measurements of serum temperatures during previous tests 
showed temperatures to be in the physiological range. Increasing the laboratory temperature 
to a more physiological relevant temperature, more closely simulates the temperatures that 
may be experienced in vivo. Since all jogging tests were undertaken at an increased speed 
of 1.75 Hz, all jogging cycles were adjusted to synchronise the load/loci pattern per cycle, 
thereby ensuring that the same point on the cup received the same load vector each cycle. 
Following normal walking and fast jogging tests, samples of used bovine serum were 
collected and immediately frozen to -25 °C for storage prior to wear particle extraction. 
After all fast jogging tests, both groups were then further subjected to one million cycles of 
normal walking to establish if the wear rates would then return to steady-state values. 
Table 3.5: Summary of tests for Wear Test Four 
Test 
Test 
typ e 
Femoral head condition 
Number of 
Cycles 
(million) 
Activity 
level 
(N) 
Frequency 
(rpm) 
4.1 Walking Smooth 0.0 -3 &6 2450 60 
4.2 Jogging Smooth 6-7 2450 105 
4.3 Walking smooth 7-8 4500 37 
4.4 Jogging Smooth 8-9 2450 60 
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3.4 Measurement of Wear 
3.4.1 Gravimetric Analysis 
Following each test, sockets were weighed using a balance (Precisa Balance 92SM-202A) 
accurate to within five decimals places, ± 0.00005 g. This required the removal of the 
socket from its fixture and cleaned according to the steps outlined in the standard cleaning 
protocol, appendix 1.1, this ensured that all contaminants were removed from the test cups. 
Following cleaning, cups were dried and weighed. The unloaded and loaded soak controls 
allowed fluid absorption, during testing, to be taken into account. This enabled accurate 
calculation of the wear rates and volume loss. Volume loss was calculated by dividing the 
weight loss by 0.938 kg/m3, the density of the test sockets (GUR 1020, ISO 5834, Part 1, 
ISO 5834, Part 2). The equation used to calculate the mass lost during testing is based on 
ISO standards (ISO/TR 9326: 1989) and is shown in equation 1. 
SMt =(M, 1 -M, 2)+(M 2 -M 1) 
Where: Mt1= initial mass of test specimen 
Mt2= final mass of test specimen 
MS1=average initial mass of soak controls 
MS2=average final mass of soak controls 
Equation 3.1 
Soak controls were required as it has been shown that cyclic loading of polyethylene can 
increase the rate of fluid absorption during hip simulator wear tests (Saikko et al, 1992). 
Acetabular cups were typically weighed before and after each test, where the tests ranged 
from 0.0144 x 106 to 0.5 x 106 cycles. In general, for accurate weight measurements of PE 
cups the following protocol was used. 
The balance was allowed to equilibrate for at least 6 hours prior to the end of the test. 
All 
extraneous flows of air were eliminated and heaters were turned off. 
The air temperature of 
the laboratory was maintained at 24 'C. A minimum of 5 weight measurements were 
recorded per cup, ensuring that readings obtained 
from the balance are repeatable, complete 
protocol described in detail in appendix 
1.2. 
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an individual particle as determined by the PSA for any given bandwidth. This can be 
worked out for all bandwidths and the total number of particles contained within that 
sample can be determined. 
The circulating suspension that is carried past the laser light is isopropanol at 0.93 kgm-3, 
with added nonidet surfactant (BDH, UK) to stop any agglomeration (Elfick et al, 2001). 
Following Mastersizer analysis, the isopropanol samples containing the volume of PE 
particles were vacuumed filtered through 47 mm diameter, with pore sizes of 0.05 p. m, 
polycarbonate membrane filters (Nucleopore Filters, Part number 111103, Whatman, UK). 
3.5.2 UHMWPE Particle Isolation & Analysis-SEM 
The filter membranes covered with PE particles were subsequently mounted on an 
aluminium stub, gold coated using a sputter coater and visualised using a Field Emission 
Microscope (Jeol JSM 6300F, Japan). Images were obtained under three levels of 
magnification, x250, x2500, and x5000, with the 20 images captured at each level of 
magnification. Captured images of particles were then characterised using digital image 
analysis software (Image Pro Plus, Media Cybernetics, USA), using the mean diameter, 
perimeter, length, width, area, roundness and the aspect ratio as the parameters to be 
measured, a custom protocol was established in order to semi-automate the process of 
analysis. In brief the process of analysis required images to be binarised, in other words, 
converted to black and white images from the original bright field view image (Figure 
3.12). 
This allowed bright objects, PE or metal particles, to be isolated from the background, 
overlaying the original image on top of the binarised image allowed accurate sizing of the 
particle, by obtaining the correct threshold (0-256) for the binarised image, in order to 
verify that what is seen is the true border around the particle and not the border that the 
software has extrapolated. The required parameters could then be selected from a table of 
measurements and the data obtained from analysis could be stored in Excel or ASCII 
form 
for further analysis. A complete protocol for image analysis using Image-Pro Plus V4 is 
described in detail in appendix 1.7. 
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Original image obtained during SEM 
analysis, showing polyethylene particles on 
a 0.05 µm pore size, 47 mm diameter 
polycarbonate filter. 
Original image converted to a black and 
white image using the binaries function in 
image pro plus. 
Once image has been converted, single 
particles can then be highlighted 
individually and the parameters can then be 
measured. 
Figure 3.12: Conversion of SEM image to a binarised image highlighting PE particles on a 
polycarbonate filter. 
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3.5.3 Metal Particle Isolation & Analysis-TEM 
Following each test, the complete volume of serum was collected from each station, 
collected in 500 ml polypropylene bottles, stored at -25°C. 
Prior to isolation of wear debris, each sample was removed from the freezer and allowed to 
defrost at room temperate. Two 40 ml samples of serum were collected and digested from 
each test station from femoral head prostheses measuring 28,40 and 56 mm in diameter, 
with a further 2 samples collected following each jogging test from each station. CoCrMo 
wear particles were extracted and isolated from used bovine serum (BS) using a similar 
protocol reported by Doorn et al (1996) and Catelas et al (2001). This enzymatic protocol 
has been previously shown to cause less damage to metal particles compared to the use of 
alkalis, such as KOH or NaOH (Catelas et al, 2001). 
In brief, all samples (40 ml) were subjected to a four-loop isolation protocol, which 
involved centrifugation (16,000 x g), re-suspension in sodium dodecyl sulphate solution 
(SDS), heating, washing in acetone and a Tris-HCI solution, and incubation in 1) papain 
and 2) protenaise K (Sigma-Aldrich, Dorset, UK) for 24 hrs at 60°C. Prior to drying on 3 
mm carbon coated copper grids for microscopy. Samples were prepared by ultrasonically 
dispersing the particles to reduce agglomeration, for 30-60 seconds. Following sonication, a 
20 µl aliquot of ethanol, containing metal particles was pipetted onto a carbon coated, 200- 
mesh size, 3 mm diameter copper grid (Agar Scientific, Essex, UK), in 5 µl droplets, 
allowing the ethanol to evaporate between each consecutive droplet. A complete protocol 
for isolating metal particles is described in detail in appendix 1.6. 
The metallic wear debris were then characterised using a (JEOL JEM 2010, Japan) high 
resolution Transmission Electron Microscopy (TEM) operated at 200 KeV. Energy 
dispersive X-ray analysis (EDXA, Oxford Instruments, Oxford, UK) was used to confirm 
the presence of metal particles, before any images were obtained. 
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Size and morphology of particles were established from the analysis of micrographs 
collected as bright field images, which were photographed at 2 levels of magnification. For 
each sample, 5 images were obtained at x 10 k, for large particles and 10 images at x50 k 
for small particles, providing a size range of 10 nm to 3000 nm. This protocol allowed the 
imaging of 100 or more particles per sample, with an average number of 254 particles for 
the samples analysed, ranging from 138 to 378 particles. 
Images from the TEM were obtained in bright field mode, as this allowed for particles to be 
imaged at a higher image resolution, which in turn would allow greater accuracy during 
measurement. Following the development of TEM micrographs, the images were scanned 
into a computer, and a custom protocol was established in order to semi-automate the 
process of analysis using image analysis software. 
Particles were characterised using digital image analysis software (Image Pro Plus, Media 
Cybernetics, USA), using the same parameters used to define PE particles, mean diameter, 
perimeter, length, width, area, roundness and the aspect ratio (Length/Width) as the 
parameters to be measured. With the information obtained from image analysis, with 
regards to the mean diameter, and assuming that all particles are spherical, combined with 
the wear rate experienced by each prosthesis, the total number of particles per unit volume 
of wear was estimated. 
Following image analysis, measurement data was used to calculate the surface area and 
volume of each individual particle from all samples analysed. Surface area (SPE) and 
volume (VPE) data were calculated with the assumption that all particles observed were in 
the shape of prolate ellipsoids (cigar like), therefore the equations for the surface area and 
volume for a prolate ellipsoid, as shown in Figure 3.13, was used 
A prolate ellipsoid is formed by the rotation of an ellipse around the major-axis (a), but 
ellipsoids are also eccentric, consequently this must be taken into account when calculating 
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the surface area. Therefore let a be the major-axis (length), b be the minor axis (width), and 
6PE the eccentricity of a prolate ellipsoid. 
Figure 3.13: 
rotation 
Schematic representation of a prolate ellipsoid showing the major axis of 
Where the eccentricity of a prolate ellipsoid is defined as: 
2 
E pE = 
Falb 
2 Equation 3.2 
R R 
The surface area for an entire prolate ellipsoid can be found from: 
Z 2; zab sin-' SPE SPE =2+ Equation 3.3 
8 PE 
and the volume of a prolate is defined as: 
VPE =34 trab 2 Equation 3.4 
Parameters a and b, are measurements obtained during image analysis, representing length 
and width respectively. This then allows for the accurate calculation of the surface area and 
volume of each individual particle analysed during image analysis, using equations 3.2 to 
3.4. Information gained from the analysis of SPE and VPE was then used to estimate the 
number of particles and total surface area generated during a test, which can be done as the 
volume loss has already been calculated using equation 3.1, for and permits the accurate 
prediction of the total surface area generated by particles in the long term. 
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3.6 Statistical Analysis 
For both volumetric wear and wear particle data, the mean, median and standard errors 
were calculated using the raw (untransformed) data. To satisfy assumptions of normality 
and homogeneity of intra-sample variances, and a one-way analysis of variance (ANOVA) 
(components of variance) was conducted, with p<0.05 as the level of significance. 
Particle sizes obtained from the PSA were presented as modal particle size due to the nature 
of distribution, which was presented as normalised data, with a particle size range 
indicating where the majority of the particles lay within the size bands. Particle size data 
from SEM and TEM analysis are presented mean particle sizes, as a sufficient number of 
particles were obtained for image analysis, with the assumption that all distributions 
observed were normal, justifying the use of parametric statistical analysis. 
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Chapter 4 Experimental Results 
4.1 Walking and jogging with a smooth femoral head 
4.1.1 Walking 
Following walking tests under smooth femoral head conditions, both the metal and ceramic 
femoral heads articulating against polyethylene cups showed a weak biphasic wear pattern, 
with a higher wear rate generated in the initial period of walking from 0 to 1.3 million 
cycles than in subsequent cycles. The initial walking period produced a median wear rate of 
21.4 mm3/106 cycles, the ceramic head for this period of testing produced a lower wear rate 
at 13 mm3/106 cycles. Once the cups had attained a period of steady state wear, the wear 
rate for walking with metal heads increased to 26 mm3/106 cycles, however the ceramic 
head produced a lower rate, 11 mm3/106 cycles, less than half the wear rate of the metal 
heads. Accumulated volumetric wear for all tests during smooth conditions are presented in 
Figure 4.1(a). 
4.1.2 Jogging 
Jogging tests, 1.2 and 1.4, using smooth metal femoral heads produced a median wear rate 
of 29 mm3/ 106 cycles, an increase in the rate of wear compared to walking. The differences 
in the median wear rates for metal and ceramic femoral heads was also evident during the 
jogging tests. For the ceramic femoral head, despite the increase in the activity level, the 
wear generated was still lower for the metal head, generating a median wear rate of 21 
mm3/106 cycles. Walking tests between jogging tests produced a normal median wear rate 
of 24 mm 3/106 cycles, comparable to the wear rate observed during steady state wear. The 
accumulated volumetric wear recorded during the jogging tests are presented in Figure 
4.1(b), showing both variability in volumetric wear between different metal heads and also 
between tests for the same heads, due in part to the relatively small changes in volume. The 
6th jogging test of 4 hours showed a decrease in wear for 3 of the 5 cups. This could have 
been as a result of climatic changes or charge build up in the polyethylene. 
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Figure 4.1: Graphs showing volumetric wear following tests using smooth femoral heads 
(a) shows the accumulated volumetric wear of polyethylene cups following walking and 
jogging tests and (b) shows the volumetric wear during jogging, as highlighted. The 
volumetric wear for the ceramic femoral head is consistently lower than metal femoral 
heads 
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4.1.3 Surface analysis following tests under smooth conditions 
After the first 1.3 million cycles of walking visible marks on the metal heads were present, 
located in the area of the highest sliding velocity. These took on the form of loci patterns, 
shown in Figure 4.2. Surface measurements taken in this area, locations I to 4, in general 
tended to be higher than surface measurements taken at locations 5 to 8. All metal femoral 
heads had a mean R. of 0.019 µm, an increase roughness of 32 % from their initial mean Ra 
of 0.013 µm. Despite the visible marks present on the heads, all cups were highly polished, 
with no sign of the initial machine marks present upon the bearing surface of the acetabular 
cup or any scratches that may have occurred as a result of the marks upon the femoral head. 
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Figure 4.2: (a) Picture of femoral head following testing showing visible marks in the 
form 
of loci patterns, indicated by the white arrows, and (b) schematic of resultant wear paths 
during hip wear simulation. (Davidson et al, 1998). 
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Figure 4.3 (a) and (b) show a scatter plot of both surface Ra and Rp measurements obtained 
following 4 million cycles of testing. Both parameters in general show that measurements 
obtained at locations 1-4 are usually higher than measurements at locations 5-8. Although 
Ra is a useful parameter for surface analysis, surface Rp will indicate the presence of any 
scratches that may be present, in Figure 4.4 (b), Rp shows a 10 fold increase in the surface 
parameter, which would not be indicated by surface Ra. 
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Figure 4.3: Scatter plot of surface Ra and Rp following 4 millions cycles of testing, 
for 
positions of surface measurement please refer to 
Figure 3.7. 
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Tests conducted under smooth conditions produced slight changes in surface roughness, 
surface measurements taken after walking showed a reduction in the overall surface 
topographic features. During the wear in phase (0-1.3 million cycles), surface roughness 
showed an increase in the metal heads, although subsequent wear created smoother heads. 
However, following jogging tests, at 3 million cycles, surface roughness showed a 
statistically significant change, 2-fold increase in the surface topography, Ra. The wear 
rates under smooth conditions did not show any significant difference. However surface 
measurements between each test and the distance from the pole did show differences for all 
heads that were measured, they were consistently rougher closer to the area of the highest 
sliding velocity, Figure 4.4. 
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Figure 4.4 Change in surface for femoral heads I to 3 under smooth conditions, showing 
the change in surface topography between measurements at 5 mm (CI) and 10 mm (C2) 
from the pole 
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Figure 4.5 shows the change in wear rate for all metal head with changes in surface 
topography under smooth conditions following both walking and jogging tests. 
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Figure 4.5: (a) the median wear rate obtained from tests under smooth femoral heads and 
(b) the surface Ra throughout testing under smooth conditions 
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4.1.4 Particle analysis following walking under smooth femoral head 
conditions 
Following walking tests under smooth femoral head conditions, six samples were collected 
from the lubricating medium used in hip simulator tests at 2,2.5 and 3 million cycles 
respectively, two samples per station. Image analysis (Figure 4.7) of the particles viewed on 
the SEM confirmed that the debris possessed a similar range of sizes, to that which has 
been reported in previous studies. A variety of particle morphologies were observed, from 
round/oval particles to plate-like particles. The large particles observed in the course of the 
SEM analysis tended to be plate-like in shape or in the form of large shreds (Figure 4.6), 
whilst the smaller sub-micron sized particles tended to be more rounded or oval in shape. 
Particles in the intermediate size range (1 to 10 µm) were more fibril like, as shown in 
Figure 4.7 (a), inset Figure 4.7 (b) and submicron sized particles are shown in Figure 4.7 
(d). Qualitative analysis during SEM imaging, clearly showed that there were a large 
number of submicron sized particles that were generated during the tests, which would also 
be reflected in the total number of particles determined through the PSA. 
Figure 4.6: Large plate like particles captured on a 0.1 µm pore size filter, ranging 
in size 
from 1 to 10 µm in size 
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Figure 4.7: SEM images showing polyethylene wear particles produced under normal 
physiological walking conditions using smooth femoral heads, showing (a) a large shred- 
like particle greater than 50 µm, with many discrete submicron sized particles and (b) fibril- 
like particles surrounded by submicron sized particles. Enlargement of insets (c) and (d) 
from (a), showing many discrete submicron sized particles on and surrounding the large 
particle. Scale bar indicates 10 µm. 
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The PSA number distribution for all samples, indicates that the majority of the particles 
produced during walking tests were in the range of 0.09 to 3 µm. The number distribution 
showed that the majority of particles lie in the range of 0.08 to 1 µm, Figure 4.8(a), this 
would therefore indicate that according to the PSA results, the majority of particles are 
within the bioactive range, i. e. in the range of 0.1 to 10 pm. 
Volume distributions for all samples analysed on the PSA are shown in Figure 4.8(b). All 
the distributions show a bimodal distribution with modal peaks in the range of 0.1 to 400 
pm. Both samples at 2.5 million cycles (Sample 2a & b) showed evidence of particles 
greater than 100 µm, whilst samples at 2 and 3 million cycles (Sample la & b, and 3a & 
3b) showed that the most frequently occurring particles lay within the size range of 0.1 to 
30 µm. The volume distributions of samples I and 2 showed two distinct groups of 
particles, sample 1 showed modal peaks at 1 and 22 µm, whilst sample 2 showed modal 
peaks at 4.5 and 400 µm. The distributions between the samples showed differences, 
however, comparisons of samples from a single station showed very similar distributions, 
indicating that the methodology of sampling and subsequent PSA analysis produced 
repeatable results. 
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Figure 4.8: Showing (a) number distribution and (b) volume distribution of samples 
collected at 1,2 and 3 million cycles. 
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Percentage number distributions show where the majority of the particles lie within the size 
band, the distributions do not however provide information on the number of particles 
within a given sample. Once the number distributions had been obtained, it was possible to 
determine the absolute numbers of particles. Table 4.1 shows the number of particles 
counted by the PSA per sample, with the median wear rates observed during tests at 2,2.5 
and 3 million cycles. 
Table 4.1: Particle numbers and wear rates for samples analysed following walking 
Wear Rate Number of Particles in sample Sample ID (mm3/106 cycles) (x1012) 
la 12.0 
34.4 
lb 33.7 
2a 5.40 
28.6 
2b 2.69 
3a 1.39 
26.4 
3c 1.52 
Sample 1 produced the greatest number of particles, this is reflected in the wear rate 
observed, which for this particular station was the highest recorded. Subsequent tests at 2.5 
and 3 million cycles (samples 2& 3) showed a decrease in the median wear rate, which is 
again reflected in the number of particles observed during the analysis of the samples. 
A plot of the number of particles per sample with the percentage volume distribution, 
clearly shows the differences in the number of particles actually counted per sample, Figure 
4.9. Although there is range in the volume distribution, the actual number of particles 
generated for all samples lay in the range of 0.3 to 1 µm 
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Figure 4.9: A plot of the total number of wear particles with volume distribution of samples 
following walking tests under smooth conditions. 
Following PSA analysis, number distributions were determined using SEM analysis of the 
same samples. Under smooth conditions, SEM analysis indicated that the majority of 
particles were less than 1 µm in size, showing good agreement with samples 1 and 3, which 
also indicated that the majority of samples are less than 1 µm. Figure 4.10 is a percentage 
number distribution plot as determined following SEM analysis, of particles generated 
during walking tests under smooth femoral heads conditions. 
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Figure 4.10: Number distribution of sample 1 following SEM image analysis, particles 
generated during walking tests, showing that the majority of particles are less than 1 µm in 
size 
A comparison of the results in terms of numbers obtained from PSA and SEM analysis, are 
presented in Figure 4.11. These show some correlation between the number distributions. 
However PSA results indicate that approximately 90 % of the particles are less than 1 gm 
in size whereas with SEM results shows this to be at 69 %. Possibly of greater interest are 
particles less than 0.05 pm in size observed during SEM analysis (Figure 4.7) which were 
not detected by the PSA. 
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Figure 4.11: Comparison of PSA and SEM number distribution for particles generated 
during walking tests under smooth femoral head conditions, where the curves show the 
mean distribution obtained from samples la and 3a for both SEM and PSA. 
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4.1.5 Particle analysis following jogging under smooth femoral head 
conditions 
Under simulated jogging activities, two samples were taken from two separate stations. 
These showed small differences in both the volume and number distribution as determined 
by the PSA (Figure 4.12) 
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Figure 4.12: Number and Volume distribution of jogging samples (4 & 5) under smooth 
femoral head conditions 
The percentage number distribution of the samples 4 and 5 indicated that the majority of 
the particles were 0.2 µm in size, ranging from 0.1 to 1.2 µm (Figure 4.12). Although both 
samples showed similar size ranges and volume distribution, absolute numbers showed that 
sample 4 produced 8-fold more particles than sample 5 (Table 4.2) in resulting from a 
higher wear rate. 
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Table 4.2: Particle numbers for samples 4 and 5 analysed following jogging 
,,, ___ r%-A-- 
Number of Particles in sample Sample ID wear rcate 
(mm3/106 cycles) (x1012) 
4 39.2 60.8 
5 28.9 7.19 
Following PSA analysis, number distribution of samples 4 and 5 were determined through 
SEM analysis. Figure 4.13, shows the number distribution of these samples, both samples 
show a good correlation between the two stations, indicating that the results are repeatable 
between the stations, and the that the sampling method was the same for both. 
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The overall distribution of particles following SEM analysis are presented in Figure 4.14 
showing that the majority of particles (91 %) are less than 1 µm in size. 
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Figure 4.14: Particle number distribution following SEM analysis of particles analysed 
following jogging under smooth femoral head conditions 
Figure 4.15 shows the comparison of the number distribution of SEM and the mean PSA 
distribution, indicating that the majority of particles observed from both the SEM and the 
PSA are less than 1 µm in size. However, again the SEM results did indicate that there were 
particles larger than 1 µm in size, although inevitably there are a very small number of 
these particles. 
91 
NMv In co n. oo a> T- 0000ooooo CD 
Q Lr) 
QNM 
IRT It) c(0 
Q 
co ÖÖÖÖÖoÖooo 
ÖÖÖÖÖÖoÖÖrN ri tD 1ý 0ý 
Chapter 4 Experimental Results 
20 
18 
16 
0 = 14 
0 
12 
10 U) 
L8 
6 
4 
2 
0 
Doti oýýo ooý ý, ýý oý" 
or 
0 0" o" o" o" 'V '" o , ýý. " 
Particle Size (mm) 
Figure 4.15: Comparison of number distribution from SEM and the PSA for samples 4 and 
5, following jogging under smooth femoral head conditions. Presented on a logarithmic 
axis to allow for comparison of results 
The distributions observed following analysis using the PSA and the imaging method using 
the SEM are very similar (Figure 4.16). The number of particles determined using the PSA 
may provide a more accurate distribution due to the number of particles the PSA is able to 
evaluate. However data taken from the SEM images, indicates that there are again a range 
of very small particles not identified at all by the PSA. 
Examples of particles observed during SEM image analysis of sample 4 are shown in 
Figure 4.16, showing both rounded/oval (submicron sized) and elongated drawn PE 
particles (1 µm or greater in size). 
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4.1.6 Walking vs. Jogging 
A comparison of volume distributions for both walking and jogging samples are presented 
in Figure 4.17. The volume distribution shows that jogging generally produced smaller 
particles than walking. Jogging also produced a much larger number of particles due to the 
increased wear rate when compared with walking. This would therefore suggest that the 
activity in addition to the duration of activity affects the number of particles generated. 
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Figure 4.17: Volume distribution of walking (Samples lb, 2b & 3b) and jogging (Samples 
4&5) 
Walking and jogging samples showed that, the volume distribution of all samples were 
within similar ranges, however jogging samples did show more particles which were 
less 
than 0.25 µm, whereas only one walking sample showed a similar result. Although the 
number distribution of these samples showed varied results 
for both walking and jogging, 
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the mean distributions indicate that simulated jogging produced more bioactive particles 
than walking with a narrower particle size range (0.08 to 1.1 µm, modal size 0.159 µm). 
Walking produced particles over a broader range (0.1 to 1.2 µm, modal size 0.25 µm). Both 
activities would therefore produce bioactive particles, although there would be more 
particles in total from jogging activity. Although there was no significant difference with 
the particle range, there was however a significant difference when comparing the modal 
size of particles produced. Jogging produced no particles greater than 100 µm, whereas 
walking did, albeit only for one sample. Number distributions obtained from SEM results, 
shown in Figure 4.18, also suggest a shift in the particle size range, with walking producing 
more of the smaller particles (0.01-0.1 µm) and jogging producing more particles which 
were slightly larger (0.1-0.4 µm) 
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Figure 4.18: SEM number distribution results for both walking and 
jogging under smooth 
femoral head conditions 
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4.2 Walking under rough Conditions: Small areas of damage 
An increase in femoral head roughness from an Ra of 0.019 µm to 0.4 µm, with a maximum 
Rp of 1.5 µm, produced slight increases in wear rates experienced by the metal femoral 
heads. Surface damage covering an area of 20 mm2 (5 mm diameter) produced a median 
wear rate of 35 mm3/106 cycles, with the damage covering an area of 80 mm2 (10 mm 
diameter) the median wear rate was 39 mm3/ 106 cycles. With the area increased to 176 mm2 
(15 mm diameter), again wear rate following walking showed an increase to 65.7 mm3/106 
cycles. The increase in median wear rate with increasing areas of roughness is also 
reflected in the volume loss, showing increasing volumetric wear with increasing areas of 
damage, shown in Figure 4.19. 
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Figure 4.19: Volumetric wear loss during walking tests under small areas of roughness 
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4.2.1 Jogging under rough conditions: Small areas of damage 
Following I million cycles of walking under rough conditions, jogging tests were 
conducted. Median wear rate for jogging with surface damage covering an area of 20 mm2 
was 39 mm3/106 cycles. With surface damage increased to an area of 80 mm2, wear rate 
showed a subsequent increase, to 41 mm3/106 cycles. The increase in wear rate was also 
observed for surface damage covering an area of 176 mm2, which, following jogging was 
204.6 mm3/106 cycles, shown in Figure 4.20. 
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Figure 4.20: Volumetric wear loss during jogging tests under small areas of roughness 
The increase in the area of surface damage led to a progressive 
increase in wear, for 
walking as well as jogging (Figure 4.21), this 
is also reflected in the accumulated volume 
loss which shows a large increase in volumetric wear. 
However wear rates generated during 
jogging showed the largest increases in wear and greater variability. 
A damaged area of 176 
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mm2 (15 mm rough patch) produced the greatest difference in wear compared to a damaged 
an area of 20 or 80 mm2 . 
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Figure 4.21: Comparison of median wear rates generated during normal walking and 
simulated jogging with small areas of damage. The red line represents the median wear rate 
for walking (26 mm3/106 cycles) and the blue line represents the median wear rate for 
jogging (29 mm3/106 cycles) under smooth femoral heads, errors bars represent Standard 
Deviations 
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4.2.2 Walking under a fully roughened head 
An increase in femoral head roughness from an Ra of 0.019 µm to 0.4 µm, with a maximum 
Rp of 1.5 µm, produced a significantly higher wear rate for a fully roughened (damage 
covering the entire upper hemisphere of the femoral head) than with heads with small areas 
of damage. For the fully roughened head, wear increased by 1300 %, generating a median 
wear rate of 369 mm3/106 cycles. This however decreased to 111 mm3/106 cycles for the 
second period of intermediate walking. 
4.3 Particle analysis under roughened heads 
SEM images of particles analysed following tests under a roughened head are presented in 
Figure 4.22 and Figure 4.23, showing both large fibril-like particles (greater than 1 µm in 
size) and submicron sized particles (less than 1 µm in size). 
Figure 4.22: SEM images of large particles produced during tests under a fully roughened 
femoral head. Elongated- fibri l particles as well as rounded particles were observed. 
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Figure 4.23: SEM images of submicron particles produced during tests under a fully 
roughened femoral head. The majority of the particles less than I µm tended to be round or 
oval in morphology 
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4.3.1 Particle analysis following tests under small areas of roughness 
Following analysis of particles under smooth femoral head conditions, volume and number 
distribution of particles under rough femoral head conditions were determined. Figure 
Figure 4.24 (a) and (b) shows the number and volume distribution of particles determined 
following walking under a roughened area of 20 mm. One walking sample, sample 6, was 2 
produced for this test condition. A smaller particle size range was produced in the range of 
0.06 to 12 µm, with a modal size of 0.8 µm. 
Figure 4.25 (a) and (b) shows the number and volume distribution of particles determined 
following walking under a roughened area of 80 mm2, sample 7. Following walking under 
an increased area of roughness, the volume distribution indicates that particles produced 
during this test were in the range of 0.1 to 31 µm, with a modal size of 11.3 µm. The 
number distribution produced a similar result to that of tests under a5 mm roughened area, 
however particles less than 0.1 µm were detected for this particular sample, an indication 
that with an increased area of roughness a greater number of submicron particles may be 
generated. 
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Figure 4.24: (a) Number and (b) volume distribution of sample 6, following walking under 2a 
roughened area of 5 mm diameter (20 mm rough patch) 
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Figure 4.25: (a) Number and (b) volume distribution of sample 7, following walking under 
a roughened area of 10 mm diameter (80 mm2 rough patch) 
SEM analysis, Figure 4.26 following PSA analysis showed that the majority of particles 
were less than 1 µm in size, 93 %. There was good agreement with the results obtained via 
PSA, with a modal size in the 0.05 to 0.1 µm size range. 
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Figure 4.26: Number distribution following SEM analysis for a rough patch of 80 mm2 (10 
mm diameter) 
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4.3.2 Particle analysis following tests under fully roughened head 
Number and volume distributions for walking under a fully roughened head are presented 
in Figure 4.27 (a) and (b). The majority of the particles were less than I µm in size, with a 
modal size of 0.2 µm, however the volume distribution indicates that greatest proportion of 
the volume is composed of particles with a modal size of 3 . im. No particles greater than 8 
µm were observed for these samples, indicating that under walking, a fully roughened 
femoral head would only produce particles within the bioactive range. 
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Figure 4.27: (a) Number and (b) volume distribution of sample 8, following walking under 
a fully roughened femoral head 
SEM image analysis of particles generated under a fully roughened head, Figure 4.28 
showed good agreement with the number distribution obtained via the PSA. The majority 
of particles are sub micron in size, approximately 96 % of the particles are 
less than I µm 
in size, with 81 % particles less than 0.1 p m, indicating that the majority of particles are 
in 
the bioactive range. 
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Figure 4.28: Number distribution of particles following SEM analysis for a fully roughened 
head. 
Figure 4.29 shows a comparison of samples 8a and 8b following SEM image analysis, 
showing good agreement between 2 samples for walking under a fully roughened head, 
with no significant difference between the two samples. 
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Figure 4.29: SEM number distribution from walking under a fully roughened head 
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Figure 4.30 shows the comparison of mean PSA distribution and SEM analysis distribution 
for a fully roughened head. SEM analysis indicates a modal size of 0.1 µm, whereas with 
the PSA shows a modal size of 0.16 µm. Although the distributions look similar, SEM 
analysis shows that there were particles present, which were greater than 1 µm, up to 10 
µm, whereas this was not identified with the PSA. In addition the SEM analysis also 
indicated particles smaller than 0.1 µm in size, again not identified by the PSA 
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Figure 4.30: Mean number distribution of SEM and PSA debris following walking under a 
fully roughened head 
A comparison of particle debris analysed using the PSA, for tests under various femoral 
head conditions during simulated walking are shown in Figure 4.31. The samples show an 
emerging pattern in that as the area of roughness is progressively increased in size, there 
appears to be an increase in the number of smaller and thereby bioactive particles that are 
produced, with a concomitant decrease in the range of the particle sizes. 
4.3.3 Particle analysis following tests under various femoral head 
conditions 
Although there is an increase in the number of bioactive particles, there is little change in 
the modal size, with the mean number distribution showing a modal size in the range 0.178 
to 0.2 µm. Walking under smooth and walking with 5 mm diameter rough patch, however 
showed a statistically significant difference when comparing the modal sizes. 
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Figure 4.31: Comparison of number distribution during walking under various femoral 
head conditions 
4.3.4 Surface Analysis following tests under rough conditions: Small 
areas of damage 
Under small areas of damage, surface roughness had little influence upon the long term 
wear of lightly cross-linked PE. However the nature of the surface roughness was 
monitored before and after each test. It was apparent that the surface roughness reduced 
following walking tests. Changes in surface topography were observed following walking 
and jogging tests, with a reduction in surface Ra from 0.39 µm to 0.28 µm and 0.34 µm, for 
20 mm2 and 80 mm2 of damage respectively, as shown in 
Table 4.3. 
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Table 4.3: Changes in surface topography for femoral heads with damage 
Area of 
Test: Rough surface Metal surface Metal surface 
femoral heads damaje Ra (gm) Rp (gm) 
mm ) 
Initial roughness 20 0.39 1.42 
After Ix 106 of walking 
20 0.28 1.18 
and 10 hrs of jogging 
Initial roughness 80 0.37 1.53 
After 1x 106 of walking 
80 0.34 0.67 
and 8 hrs of jogging 
Initial roughness 1230 0.37 1.45 
After 2x 106 of walking 
1230 
and 18 hrs of jogging 0.27 1.35 
Although the change in mean surface roughness for damage covering 20 mm2 was large, it 
did not significantly affect the wear rate when compared to wear under smooth conditions. 
The Rp showed a slight reduction from the maximum Rp of 1.42 µm to 1.18 µm. 
The fully roughened head also showed a reduction in its surface roughness F. a, only showed 
a slight decrease, nonetheless, the results indicate that some self-polishing had occurred, the 
decrease in surface roughness is reflected in the reduction in wear experienced by the fully 
roughened head following initial jogging tests. From these results it would seem that 
significant changes in surface topography tend to occur over short periods of high activity. 
The results presented for a fully roughened head combined with results obtained under 
small areas of damage would appear to support the supposition that the amount of damaged 
area combined with the type of activity undertaken would be the predominant factor in 
determining the wear that is experienced by a polyethylene cup. 
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4.4 Jogging under rough femoral head conditions 
Figure 4.32 shows the wear particle number distribution data from 20 mm2 partially 
roughened area during jogging. The modal size of particle from the PSA is 0.15 µm, with a 
size range of 0.07 to 0.6 µm. All samples produced very similar results 
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Figure 4.32: Number distribution of particles following jogging under a 20 mm2 rough 
patch, showing the mean distribution from the three samples 
Figure 4.33 shows the volume distribution of samples following jogging under a roughened 
area of 20 mm2. Unlike the volume distribution obtained for tests under smooth conditions, 
which showed multiple peaks, tests under rough conditions exhibited 
bimodal distributions. 
The results from the number distribution indicate that the majority of the particles are 
less 
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than 1 gm, although the major proportion of the volume is composed of particles greater 
than 1 µm. 
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Figure 4.33: PSA volume distribution of particles following jogging under a 20 mm2 rough 
patch, showing multiple peaks with particles up to 400 µm in size 
Following analysis of particles under a roughened area of 20 mm2, particles generated 
during tests under a roughened area of 80 mm2 were carried out, shown in Figure 4.34. 
When comparing the number distribution for an area of 20 mm2 roughened area with that of 
the 80 mm2 roughened area, they are very similar in both distribution and the range particle 
size that were observed. 
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Figure 4.34: Number distribution of particles following jogging under a 80 mm2 rough 
patch, showing the mean distribution from the three samples 
Although number distributions were similar, volume distribution however showed that the 
distribution under this increased of roughness to be different, generally producing a 
bimodal distribution. Volume distributions (Figure 4.35) for jogging with a rough patch of 
80 mm2, indicated that for all 3 samples, there were no particles greater than 10 µm 
therefore the majority of the particles generated under this condition would be bioactive 
and potentially harmfully. 
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Figure 4.35: Volume distribution of particles following jogging under a 80 mm2 rough 
patch, showing a bimodal distribution 
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Following PSA analysis, the number distribution was determined by means of SEM image 
analysis. Figure 4.36 shows the mean SEM number distribution of particles following 
jogging under a 80 mm2 rough patch, with the distributions of samples 10a and 10b, 
showing good agreement between the two samples. When compared with Figure 4.27 there 
appears to be no significant difference the mean modal size (0.18 µm), although there is a 
decrease in the numbers produced at the modal size. 
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Figure 4.36: Number distribution of particles following jogging with a rough patch of 80 
mm2 following SEM image analysis of sample 10. 
Mean distribution of sample 10 following SEM analysis are shown in Figure 4.37, showing 
that the majority of particles are submicron in size, 80 % of the particles analysed are 
less 
than 1 µm in size 
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Figure 4.37: Particle distribution following SEM analysis of sample 10, showing that the 
majority of particles are less than 1µm in size 
4.4.1 Jogging under fully roughened head 
Following 1 million cycles of walking under a fully roughened head, jogging tests were 
conducted. The median wear rate was 690 mm3/106 cycles, showing almost a 2-fold 
increase in wear compared to walking under a fully roughened head, a statistically 
significant difference in wear. Following a further 1 million cycles of walking the wear rate 
showed a subsequent decrease to 250 mm3/106 cycles, which can be seen in Figure 4.38, 
which shows a decrease in gradient for the wear experienced by the polyethylene cup under 
a fully roughened head. This result once more appears to support the supposition that some 
form of polishing has occurred during the period of jogging 
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Figure 4.38: Volumetric wear change under small and large areas of damage during 
walking and jogging. Showing the difference in volumetric wear experienced by a fully 
roughened head compared to volume loss under small areas of damage 
4.4.2 Particle analysis following jogging under a fully roughened head 
The particle number distributions determined following jogging under a fully roughened 
head showed wide variability between all samples, shown in Figure 4.39 (a), however this 
can be explained by the number of particles that were counted for each sample. Samples 
l la and lib produced a lower number of particles, 8.72x 1014 and 6.41x 1014 respectively, 
whereas sample lie produced a ten fold increase with lli . Ox 1014 particles 
(Table 4.4). 
Another major difference between the samples analysed is that both sample 1lb & llc 
produced a single peak distribution whereas sample 11 a produced a bimodal distribution. 
Analysis of the particle volume distribution, Figure 4.39 (b), shows that two samples (11 a 
& b) produced particles with a modal size of 2µm, whereas sample 11 c showed that the 
majority of the volume was composed of particles with a modal size of 0.4 µm, despite the 
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differences in modal size, it can be said that all the particles generated during tests under a 
fully roughened head would fall within the bioactive range. 
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Figure 4.39: (a) Number distribution with the mean distribution, and (b) volume 
distribution of particles following jogging under a fully roughened head. 
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Table 4.4: Particle numbers for samples I la, b and c analysed following jogging under a fully roughened head 
Wear 
GRate Number of Particles in sample Sample ID (mm /10 cycles) (x1014) 
11a 674.6 6.41 
11b 674.6 8.72 
11c 674.6 111.0 
The distribution and the number of particles observed accounts for the mean distribution 
being skewed towards the smaller particle size. The mean distribution taken over three 
samples indicates that the modal size of particles is 0.22 µm, ranging from 0.142 to 2.8 gm, 
showing that the majority of particles generated under this test condition are bioactive. 
SEM analysis of particles generated under a fully roughened head are shown in Figure 4.40. 
Jogging under a fully roughened head showed that the majority of the particles were 
submicron in size, with 97 % of the particles less than 1Rm in size, with the greatest 
number of particles in the 0.01-0.05 pm size band. Indicating that almost all the particles 
generated under this condition would lie in the bioactive range. 
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Figure 4.40: SEM number distribution of particles following jogging under a fully 
roughened head 
4.4.3 Particle analysis following tests under various femoral head 
conditions: Jogging 
A comparison of the mean number distribution of jogging samples under various femoral 
head conditions are shown in Figure 4.41. The distributions may be compared to the 
distributions seen for walking under various femoral head conditions (Figure 4.32). As the 
size of the area of roughness is increased, there is a decrease in the number distribution, but 
an increase in size range. There appears to be no significant difference between jogging 
under smooth conditions and a roughened area of 20 mm2, which suggests that a threshold 
point exists where roughness would become the determining factor in the type and size of 
particles produced. 
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Figure 4.41: 
conditions. 
Mean number distribution of jogging samples under various femoral head 
Examples of particle morphology observed during SEM analysis of particles following 
jogging under a fully roughened are shown in Figure 4.42 and Figure 4.43. 
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Figure 4.42: SEM image of large PE particles observed following jogging under a fully 
roughened femoral head, showing some particles greater than 10 µm in size, there were 
very few of these. 
Figure 4.43: Submicron particles observed following jogging under a fully roughened head, 
majority of particles tended to be round or oval in morphology. Black dots are the pores 
in 
the polycarbonate filter, which are 0.05 µm in diameter 
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4.4.4 Summary of wear and surface topography for wear test one 
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Figure 4.44: Total accumulated volumetric loss following all tests under both smooth and 
rough femoral head conditions. Highlighted areas indicate jogging tests preceded and 
followed by walking tests for 1 million cycles. 
This study has shown that under smooth conditions, strenuous activities such as jogging 
can be still be undertaken with minimal effect on the wear of lightly cross-linked 
polyethylene. The introduction of small areas of surface damage had a moderately low 
influence on the wear rate of lightly-crosslinked UHMWPE under both high and low 
patient activities. However, it appears that a threshold point exists, where the area of 
121 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 
Chapter 4 Experimental Results 
surface damage combined with increased activity, reaches a critical value, which would 
lead to excessive wear and a significant increase in the number of particles produced. 
4.5 Wear Test Two: Walking and Jogging tests under different 
grades of roughness 
Tests were performed on four new head and cup combinations. Cups 3 and 6 were used 
from wear test one, with new metal heads, cups B and C were introduced as virgin cups 
articulating against virgin femoral heads. The median wear rate for walking during these 
tests was 17.6 mm3/ 106 cycles. Fast and slow tests at 60 and 105 rpm were conducted for 
both walking and jogging under different grades of roughness, in order to investigate the 
influence of the size of the damage area and the degree of roughness on the wear of 
acetabular cups. Femoral head roughness varied from 0.2 µm to 0.8 µm, with a maximum 
Rp of 1.5 µm. 
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Figure 4.45: Overall volumetric wear for all test conducted 
during wear test 2 
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Table 4.5: Summary of wear rates obtained following fast and slow, walking and jogging 
tests where the roughness was introduced over an area of 80 mm2. * Fully roughened head 
Test Head C Head 6* Head B Head 3 
Initial Ra (µm) 0.2 0.4 0.5 0.8 
Fast jogging (mmj/106 cycles) 35.6 551.6 42.2 65.7 
Slow jogging (mm3/106 cycles) 33.6 393 50.8 60.3 
Fast walking (mm3/ 106 cycles) 27 231.6 27.8 33.6 
Slow walking (mm3/106 cycles) 23.5 220 24.9 30.6 
At small areas of roughness, volumetric wear continued in a linear manner, with no long 
term effect, however with the fully roughened head, there was a rapid increase in the wear 
experienced by the PE cups (Figure 4.45). The degree of damage experienced by the cups 
appears to have an influence upon the volumetric wear observed during tests, with fast and 
slow jogging producing the highest volumetric wear over a roughened area of 176 mm2. 
Fast and slow walking produced approximately half the wear compared to that of jogging, 
an indication that activity combined with femoral head damage would increase wear. 
The fully roughened head also shows a similar trend in that jogging produced wear that was 
2-fold higher than that of walking at both and fast and slow conditions (Figure 4.12). It 
would also appear that in general activities carried out at slower speeds produced lower 
volumetric wear to that of activities carried out at faster speeds, whether walking or 
jogging, Figure 4.46. Fast and slow walking produced low wear rates compared to jogging 
for all different grades of roughness, showing small increases in wear despite the increase 
in surface roughness. Jogging on the other hand showed the greatest difference in wear 
rates whether fast or slow, showing very similar rates of wear with increasing 
levels of 
roughness. This suggests that the level of surface roughness combined with 
increased loads 
is a major factor in the wear of lightly crosslinked polyethylene. 
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Figure 4.46: Plot of volumetric wear versus surface roughness for Ra values of 0.2,0.5 and 
0.8 µm over an area of 80 mm2 for 1 million cycles. 
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4.6 Wear Test Three: Walking and Jogging with discrete scratches 
Following tests under rough conditions where an area of roughness consisted of a patch of 
damage, similar tests were then conducted using discrete scratches applied in the area of 
highest sliding velocity with a maximum Rp of 1.5 µm. Figure 4.47 shows the accumulated 
volumetric wear following walking and jogging tests under a rough patch and discrete 
scratches applied to the head of length 5 and 10 mm (Cups 1 and 2). Cup 3 had discrete 
scratches that covered the entire upper hemisphere of the head. Although tests under a 
rough patch covering an area of 176 mm2 were already conducted, this was only one 
sample, and the tests were repeated. 
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Figure 4.47: Accumulated volumetric wear loss for walking and jogging 
following tests 
under discrete scratches. 
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Tests under scratches showed similar trends to that of tests under rough patches in that wear 
showed a progressive increase with increased length of scratches. However this trend was 
only evident for PE cups once the scratch length had reached 10 mm in length. 
Under a5 mm scratch length jogging showed less wear than walking, contrary to all other 
tests which showed an increase in wear with increased activity. Figure 4.48 shows a 
comparison of the median wear rates under discrete scratches for differing lengths and 
activity. 
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Figure 4.48: Comparison of median wear rates (shown by the figures above bar chart) 
following walking and jogging tests under discrete scratches, the 
line indicates the wear 
rate obtained during walking, steady state wear, under smooth conditions 
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4.7 Wear test 4: Metal on Metal 
4.7.1 Running-In Wear - Standard Walking Tests 
Figure 4.49 (a) and (b) presents the combined (head and cup) volumetric wear results as a 
function of number of cycles for all 28,40 and 56 mm MOM bearings. It shows that all 
bearing couples generated a biphasic wear pattern, producing higher initial wear followed 
by a reduced steady-state wear, a statistically significant difference in wear rate (p<0.05). 
Figure 4.49 (a) shows the mean combined volumetric wear rates for all bearing sizes during 
running-in, and highlights that the 56 mm bearings generated by far the greatest running-in 
wear at 7.0 mm3/106 cycles. The lowest mean running-in wear rate was generated by the 40 
mm bearings at 2.2 mm3/106 cycles, showing a 2-3.5 fold reduction in running-in wear 
compared to the 28 and 56 mm bearings respectively (p<0.05). Additionally, all bearing 
sizes showed greater wear loss from the acetabular cups compared to the femoral heads, 
typically by a factor of 2. 
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Figure 4.49: Variation of combined (head & cup) volumetric wear verses number of cycles 
under normal physiological walking, for (a) all 18 bearing couples tested, and 
(b) the 
accumulative mean for the three bearing sizes - showing (i) running-in conditions-walking 
(first 1x106 cycles), and (ii) steady-state (SS) conditions-walking (after lx106 cycles). 
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4.7.2 Steady-State Wear - Standard Walking Tests 
Figure 4.49 (b) and Figure 4.50 (b) present the mean combined (head + cup) steady-state 
volumetric wear rates for all 28,40 and 56 mm couples. The results showed that the larger 
40 mm bearing typically generated a clear 2-3 fold reduction in mean steady-state wear 
rate compared to the smaller 28 mm bearing sizes (p<0.05). The 56 mm bearings generated 
a further 20 % reduction in steady-state mean wear rate compared to the 40 mm bearings 
(p<0.05). In general, the wear results for all groups produced low scatter, showing no 
runaway wear for any bearing tested, Figure 4.50a. 
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Figure 4.50: Summary of mean combined volumetric wear rates (head & cup) under 
smooth conditions for (a) running-in wear - normal walking, (b) steady-state wear - normal 
walking 2450 N max 1 Hz, (c) simulated slow walking 2450 N max 0.62 Hz, (d) simulated 
slow jogging 4500 N max 1 Hz, and (e) simulated fast jogging 4500 N max 1.75 
Hz. The 
error bars represent ± SE, n= number of wear test results, ** = p<0.05 
4.7.3 Increased Patient Activity Tests 
Out of the three severe gait activities simulated, fast jogging 
(1.75Hz, 4500 N max) 
generated the worst wear condition for all bearing sizes, typically showing a 
4-9 fold 
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increase in volumetric wear compared to standard walking (1 Hz, 2450 N max) (p<0.05) 
shown in Figure 4.52. Slow-walking (0.62 Hz, 2450 N max) was the next highest ranked 
severe activity, typically showing a 3-fold increase in volumetric wear compared to 
standard walking for all bearings (p<0.05) shown in Figure 4.51 (c). 
With respect to bearing diameter, the results showed that the 56 mm bearings generated the 
least amount of steady-state wear under all severe activities simulated, showing greater 
wear resistance compared to the 28 and 40 mm bearings after the running-in phase. 
Moreover, the results showed that the more-severe the gait activity simulated, a greater 
reduction in volumetric wear could be achieved by using the larger 56 mm bearings 
compared to other smaller sizes (Figure 4.51). Figure 4.51 also shows that under the two 
most demanding activities simulated, slow walking and fast jogging, the 28 mm bearings 
generated the highest wear. 
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Figure 4.51: The variation in mean combined MOM volumetric wear rate (head and cup) 
verses bearing diameter for all main patient activities simulated. 
Following all fast jogging and slow walking simulations, additional normal walking tests 
showed that most bearing couples returned to steady-state wear conditions, with only 
2 
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bearings showing a small running-in period for 0.5 million cycles. All wear surfaces 
showed no visible change in surface roughness as a result of severe gait. 
4.7.4 Particle Sample Analysis 
Initial examination of samples showed various types of contamination from other types of 
metals present in the samples prepared for TEM analysis. Titanium (Ti), tin (Sri), Nickel 
(Ni) and Iron (Fe) were observed and confirmed via EDX. The morphology of these 
particles were very distinct, compared to wear debris particles, contaminating particles 
were needle like in shape and on the whole larger in size, examples of these particles are 
shown in Figure 4.52. The length of the contaminating particles ranged from 200 nm to 
1500 nm. All particles showed some form of agglomeration, whether it was contaminating 
particles or wear debris particles. 
Figure 4.52: A TEM micrograph of Titanium (Ti) and CoCrMo particles taken at xlOK 
magnification, note the difference in morphology of 
Ti and CoCrMo particles, the scale bar 
= 500 nm. 
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Composition of the elements within the particles was confirmed via EDX, shown in Figure 
4.53 (a) and (b), the EDX scans also provide a qualitative indication of the weighting of the 
elements within the particle itself, 
(b) 
Figure 4.53: (a) EDX spot analysis of a Titanium particle, highest peak present and (b) 
EDX spot analysis of a metal particle, showing the presence of 
Fe and Ni as well Cobalt 
(Co), Chrome (Cr), and Molybdenum (Mo) elements within the particle 
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The carbon and copper peaks shown in Figure 4.53 (a) and (b) can be attributed to the grid 
used in TEM analysis. The grid itself is manufactured from copper and the film that covers 
the grid is composed of a thin layer of carbon. Silicon (Si) was also found in some EDX 
scans but not all, again this contamination might be attributed to the silicon sealant used in 
the test chambers to stop any leakage of serum from the test chambers. The source of the 
metal particle contamination was traced back to the acetabular cup fixtures used during the 
wear tests. Metal particles were filed from all the fixtures used in the tests as well as 
samples of metal filings from the unused components, which were subsequently analysed in 
the SEM with EDX analysis. A typical scan of the particles obtained from the femoral head 
and cup is shown in Figure 4.54. From the EDX scan, the spectrum confirms the presence 
of Co, Cr and Mo. The Fe peak seen in this scan was attributed to contaminating artefacts 
possibly already present in the TEM sample holder. No other types of metals were seen in 
the samples analysed from material directly derived from the femoral head and cup. 
Figure 4.54: Typical EDX spectrum of particles from a CoCrMo 
femoral head and 
acetabular cup, showing the major elements 
that are present within the femoral head and 
acetabular cup. 
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than 1 µm (1000 nm) in size were observed but these were few in number. An example of 
large particles is shown in Figure 4.56, EDX analysis confirmed the presence of metal 
elements found in CoCrMo femoral heads. 
(b) 
Figure 4.56: Examples of large CoCrMo particles observed during TEM, particles less than 
0.5 µm in size are also present 
From qualitative observations, particles generated during metal-on-metal articulation 
appeared to be very uniform in morphology, with the majority of the particles either oval or 
round in shape, as shown in Figure 4.57. This made the identification of metal wear 
particles easier due to their distinct morphology, with EDX analysis confirming the particle 
composition. Occasionally Ti and Fe particles were also observed, needle like in 
morphology compared to CoCrMo particles. Particles were seen in two different states, 
either singly or in agglomerates, shown Figure 4.58, which shows various types of particles 
with varied morphologies. Particles in large agglomerates were not analysed due to the 
difficulty in separating individual particles from the clusters. However a sufficient number 
of particles were imaged to provide an accurate indication of the size of the particles 
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produced during testing. A summary of the raw data collected during image analysis is 
presented in Table 4.6 (a). 
Figure 4.57: Example of small CoCrMo particles, with very distinct morphology, round or 
oval in shape. 
Figure 4.58: Example of agglomeration of various types of particles, images taken at x 20, 
000 and x 10,000 
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Figure 4.59: TEM image of a diffraction of a metal particle, showing the crystalline 
structure, this combined EDX analysis provides further evidence of the presence of metal 
particles 
Table 4.6 (a): Summary of raw data collected from TEM image analysis, with the diameter 
presented in median values, mean values shown in brackets 
Walking with Walking with Walking with 
a28mm a40mm a56mm 
bearing bearing bearing 
Sample I Sample 2 Sample 3 
202 (234) 81 (99) 108 (133) 
Diameter (nm) 
Aspect Ratio 1.787 1.724 1.433 
Perimeter 0.918 0.392 0.674 
Roundness 2.013 1.678 2.912 
Size (Length, nm) 313 135 201 
Size (Width, nm) 208 89 134 
Area (µm) 0.064 0.011 0.034 
Number of particles analysed 185 314 138 
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Table 4.6 (b): Summary of raw data collected from TEM image analysis, with the diameter 
presented in median values, mean values shown in brackets 
Jogging with 
a 28 mm 
bearing 
Jogging with 
a 40 mm 
bearing 
Jogging with 
a 56 mm 
bearing 
Sample 4 Sample 5 Sample 6 
Diameter (nm) 
Aspect Ratio 
Perimeter 
Roundness 
Size (Length, nm) 
Size (Width, nm) 
Area (µm) 
98 (86) 93 (132) 85 (83) 
2.35 1.416 2.27 
0.477 0.491 0.431 
2.45 1.635 2.93 
165 169 140 
74 92 70 
0.010 0.029 0.074 
Number of particles analysed 245 378 145 
An initial examination of the data presented in Table 4.6 (b), shows that the 40 mm bearing 
following jogging produced the greatest number of particles for analysis. Despite the 
differences in particles size, the distribution of the wear particles were very similar, in that 
particles were found across the size groups. Figure 4.60 shows the distribution of particles 
generated by all bearings. 
During jogging, the majority of particles were generated by the 28 mm bearing in the size 
group 10-250 nm, with the 56 mm bearing producing a similar distribution pattern, with no 
particles present in the larger particle size groups. Figure 4.60 to Figure 4.64 show the 
comparison of particles distribution for each bearing diameter between walking and 
jogging. All bearings under the two test conditions produced particles in the two smallest 
size groups 
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Figure 4.60: Wear particle distribution from all bearing diameters during steady state wear, 
showing that the majority of the wear particles were between 10 to 250 nm in size. 
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Figure 4.61: Wear particle distribution from all bearing diameters during jogging 
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Figure 4.62: Comparison of particle distribution between walking and jogging for the 28 
mm bearing 
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Figure 4.63: Comparison of particle distribution between walking and jogging for the 40 
mm bearing 
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Figure 4.64: Comparison of particle distribution between walking and jogging for the 56 
mm bearing 
Comparison of the measured parameters of particles, obtained following steady state 
walking, in particular the parameter of diameter, shows that there are small but significant 
differences in particle size for samples analysed following walking tests for all three 
bearings. A visual comparison of the parameters in the form of a graph will provide an 
effective insight into the differences in particle size, Figure 4.65. 
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Figure 4.65: Change in CoCrMo wear particles during steady-state standard normal 
walking tests, showing the variation of mean wear particle size plotted against bearing 
diameter, length and width, showing smallest particle size produced by the 40 mm bearing. 
All dimensions presented in µm, error bars represent 95 % Confidence Limits 
The largest wear particles were produced during walking with a 28 mm bearing, generating 
a mean particle size of 234 ± 13 nm (range 51-1178 nm), a statistically significant 
difference (p<0.01) in particle size when compared to particles produced by the 40 and 56 
mm bearing. There was also a small but statistically significant difference between the 
mean particle size for the 40 mm bearing versus the 56 mm bearing at p<0.01, the 40 mm 
bearing produced particles with a mean size of 99 ±5 nm (range 10-914 nm) whereas with 
the 56 mm diameter femoral head a mean particle size of 133 ± 14 nm (range 13-1145 nm) 
was observed. 
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However there are differences in the larger particle size groupings, for example no particles 
from the 56 mm bearing were observed between 500 to 750 nm, whilst no particles between 
1000 to 1250 nm from the 40 mm bearing were seen. The distribution would suggest that 
the intermediate size (40 mm bearing) would not produce particles greater than 1 p. m, 
however this does not apply to the 28 and 56 mm bearings, which have produced particles 
in all particle size groups. 
During simulated jogging, the largest wear particles were produced by the 28 mm bearing, 
reflected in the results observed during walking, followed by the 40 mm bearing, the 56 
mm bearing produced the smallest wear particles, this was true for all dimensions, the 
changes in mean particle dimension are presented in Figure 4.66. 
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Figure 4.66: Change in CoCrMo wear particles during simulated jogging tests, showing the 
change in mean wear particle sizes due to simulated 
fast jogging. 
142 
25 30 35 40 45 50 55 60 
Chapter 4 Experimental Results 
An indicator of why the changes in particle size are occurring would be to see if any 
changes are occurring in the Aspect Ratio (AR) of the particles, as this ratio is dependent 
upon the length and width, which in turn would affect the morphology of the particles. 
Furthermore when there is an increase or decrease in length or width, there will be a 
subsequent change in Roundness, in that particles would become more oval or round in 
shape. Figure 4.67 shows the changes occurring in both the Roundness and AR of the 
particles. For the 40 mm bearing, Roundness and AR show a close relationship, however 
the 28 mm bearing shows a difference, with the 56 mm bearing showing a significant 
difference in the relationship between the roundness and AR. 
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Figure 4.67: Changes in particle shape represented by the Aspect Ratio (AR) and 
Roundness (R) plotted against bearing diameter. Showing a decrease in AR with increasing 
bearing diameter, however R, shows a decrease from the 28 mm bearing to the 40 mm 
bearing, although R subsequently shows an increase with a 56 mm bearing. Error 
bars 
represent 95 % Confidence Limits 
AR and R parameters also indicate whether a particle would be classified as round or oval 
particles, from the data present in Figure 4.67, the vast majority of the particles would 
be 
classified as oval in shape rather than spherical. 
143 
25 30 35 40 45 50 55 60 
Chapter 4 Experimental Results 
With regards to the roundness, all bearings show significant statistical differences, whilst 
the AR shows small but significant differences. This ties in with the wear particle 
distributions shown in Figure 4.60, where the 28 and 56 mm bearings generated particles in 
the I pm particle grouping. This would imply that the particles generated by the 40 mm 
bearing would tend to be more rounded in shape than the 28 or 56 mm bearing which 
would produce more oval shaped particles. Changes in morphology and size would 
ultimately be the determining factors in terms of the total accumulated surface areas that 
can be generated. Size as well as the number of particle are crucial parameters when 
determining the potential ion release that may occur following activity. If the particles 
generated are small in size, then ion release will be small, however if the number of 
particles increase, with no change in particle size then the accumulated surface area will 
subsequently show an increase in turn increasing the levels of ion release. A plot of length 
versus elongation shows the majority of particles produced by the three different bearing 
sizes lay within the 500 nm range with a modal elongation between 1 to 2, indicating that 
the majority of particles are spherical in shape, shown in Figure 4.68. 
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Figure 4.68: A scatter plot of Elongation versus Length for all bearing 
diameters, showing 
that the majority of particles are within a 500 nm range. 
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Figure 4.69 shows that jogging with a 28 mm bearing would produce only particles in the 
500 nm range, whereas walking shows wide range of particle size, indicating that jogging 
with a 28 mm bearing would have the potential to release more ions than jogging. This 
result suggests that for an active patient the 28 mm bearing may not be the most suitable 
size. 
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Figure 4.69: A scatter plot of Elongation versus Length for the 28 mm bearing diameters, 
showing that the majority of particles within a 500 nm range, with walking showing 
particles of greater length 
However when comparing walking with jogging for the 40 mm bearing, there is clear 
indication that increased activity serves to change particle morphology, i. e. with increased 
activity there is a subsequent increase in particle length, which in turn would increase 
particle surface area and therefore increase ion release, shown Figure 4.70. The 56 mm 
bearing however produced a similar result to that of the 28 mm bearing, showing that the 
majority of the particles from walking and jogging to be less than 500 nm in size, however 
it produced fewer particles, which would in turn produce a low accumulated surface area, 
thereby minimising potential ion release, Figure 4.71. 
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Figure 4.70: Comparison of length versus elongation for walking and jogging with a 40 mm 
bearing, showing an increase in length with increased activity 
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Figure 4.71: A scatter plot of Elongation versus Length for the 56 mm bearing diameters, 
showing that the majority of particles within a 500 nm range, with some particles 
from the 
walking test of greater length. 
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When considering the median size of particles, all samples indicated that the majority of the 
particles tended to be smaller than the mean particle size. Wear particle distribution for all 
bearings indicate that the majority of the particles produced during testing, whether walking 
or jogging are less than 250 nm in size. 
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The development of an appropriate, clinically relevant test for the evaluation of total hip 
replacements is important as designs and materials used are improved and lifetime 
expectations rise compounded by the need for hip replacements that can perform under 
adverse conditions such as increased activity. There is currently debate as to whether wear 
tests can predict the clinical outcome of a total hip replacement in the long term as it 
recognised that in vitro tests in general produce lower wear rates compared to in vivo 
examinations of retrieved hip replacement components. There are a number of factors, 
which must be considered when evaluating the performance of THRs. These include the 
wear rate and wear factor, the nature of particles generated in the tests, the bearing surface 
parameters and the load parameters. Tests that reduce the simulation time are valuable for 
the rapid evaluation of novel designs, however the acceleration of tests has to be carefully 
evaluated in order to ensure that in vitro tests have clinical relevance. In the current study 
two bearing material combinations were evaluated, namely CoCrMo on moderately 
crosslinked polyethylene (5 MRads) and CoCrMo on CoCrMo. These studies were focused 
on the evaluation and effects of surface parameters for CoCrMo on polyethylene, and 
bearing diameter for CoCrMo on CoCrMo combined with increased activity and how these 
parameters affected the wear rate and its effect upon the particles generated during wear 
tests. 
5.1 Wear of crossiinked polyethylene 
In the current study, the wear of crosslinked polyethylene using a hip simulator was 
influenced by the area of surface roughness of the femoral head combined with increased 
patient activity. Under increased patient activity, such as jogging, and a virgin smooth 
femoral head surface, the wear rate was slightly raised. However when introducing small 
areas of damage combined with increased activity, the wear rate increased with 
increasing 
areas of surface damage. The present study indicated that there maybe a threshold point at 
which the size of the damaged area becomes a more influential 
factor on the wear and the 
generation of biologically active particles of moderately crosslinked polyethylene. 
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The results observed during this investigation are in good agreement with Elfick et al 
(2001) and many previous hip simulator studies (Wroblewski et al, 1996) who have 
observed similar trends, showing a biphasic wear pattern during the initial 1 to 1.5 million 
cycles of testing, which then decreases during steady state wear. 
The CoCrMo femoral heads also produced twice the wear rate when compared to the 
Zirconia femoral head for walking as well as jogging, under smooth femoral head 
conditions. This is also in good agreement with a previous study by McKellop (1992) who 
reported wear rates for metal heads that were twice as high when compared to tests using 
ceramic heads. Hence, for active patients, using more damage resistant components, such as 
Zirconia femoral heads combined with UHMWPE cups, could increase implants survival 
time, in terms of low volumetric wear. 
The wear rates generated during walking under smooth conditions are similar to previous 
investigations, using similar hip simulators (Wang, 1996, McKellop et at, 1999, Endo et al, 
2002). Results from the present study indicate that there is a significant improvement in the 
resistance to wear of moderately crosslinked PE compared to non-crosslinked PE. The 
study by McKellop (1999) showed that crosslinked PE produced less wear compared to 
non-crosslinked PE, figure 5.1. Crosslinked PE produced a wear volume of 50 mm3 after 10 
million cycles (5 mm3/106 cycles) as compared to non-crosslinked PE which produced a 
wear volume of 350 mm3 (35 mm3/106 cycles) during the same period, showing a7 fold 
decrease in wear volume, a significant improvement in wear resistance. In the current study 
a wear volume of 260 mm3 would have occurred after 10 million cycles or normal walking, 
however the extent crosslinking is also important parameter, in the current study the cups 
were only moderately crosslinked at 5 MRads. 
A recent review of non-crosslinked and crosslinked PE by Schmalzried et al 
(2003) showed 
that patients treated with non-crosslinked PE had a mean volumetric wear rate of 
88 + 79 
mm3/year, whereas patients treated with crosslinked PE had a mean volumetric wear rate of 
21 + 23 mm3/year, a statistically significant difference (p = 0.0001). 
Although the absolute 
values of wear are smaller in hip simulators compared to clinical studies, 
the reduction in 
149 
Chapter 5 Discussion 
wear volume observed by McKellop and Schmalzried et al, 86 % and 79 % respectively, 
showing good agreement between the in vitro and in vivo studies. The relationship 
comparing different levels of crosslinking have shown that there is a link between increased 
radiation dose and reduction in wear 
5.2 Influence of activity and surface topography 
During simulated fast jogging, CoCrMo heads under smooth femoral head conditions only 
showed a 2-fold increase in wear when compared to walking, this despite the increase in 
both the load and sliding velocity. 
Previous studies conducted under rough conditions using pin-on-disc machines have shown 
a 30-fold increase in wear (Dowson et al, 1985, Fisher et al, 2000), the wear rates observed 
in the current study showed significantly less wear than standard pin-on-disc machines. 
However results in the current study are in line with previous hip simulator studies (Wang 
et al, 1998, McKellop et al, 1999, Barbour et al, 2000), which show that less wear is 
generated during hip simulator tests than during tests with pin-on-disc machines, due to the 
multi-directional motion that is experienced by PE cups, compared to the uni-directional 
motion of pin-on-disc machines. 
The current study has shown that wear shows a slight increase with increased activity, 
under smooth conditions. With the introduction of small areas of damage, and an increased 
Ra of 0.39 µm, only small changes in wear were observed. Normal walking tests with an 
area of damage covering 20 mm2 (5 ruin diameter) only produced a 2-fold increase in wear, 
when compared to wear under smooth conditions. The results generated in the current study 
are in line with results published by Bowsher & Shelton (2001), who showed slight 
increases in wear with increased activity under smooth femoral head conditions. However, 
jogging under small roughened areas produced a similar result to that of jogging under 
smooth conditions, despite the fact that the maximum Rp was triple that of the maximum 
Rp 
under smooth conditions. This may be due to the surface changes that occurred 
during 
jogging, which showed evidence of self-polishing following tests under 
increased activity 
Figure 4.46) 
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Increasing the size of the damaged area to 80 mm2 (10 mm diameter) did produce an 
increase in wear for both walking and jogging, again a 2-fold increase, at 176 mm2 (15 mm 
diameter), wear showed a significant increase. This may be an indication that suggests there 
is link between increased roughness leading to increased wear, however this is only 
apparent once a critical area of roughness is achieved (figure 4.22). The increases in wear 
observed for small areas of damage are small in comparison to that of wear generated 
during walking and jogging with a fully roughened head, showing 13 and 20 fold increases 
for walking and jogging respectively. These results would therefore suggest that the size of 
the damaged area combined with increased activity could influence the level of wear 
experienced by PE cups. The wear rates generated during normal walking and simulated 
jogging with small areas of damage, are also lower than wear rates reported in clinical 
studies (Kabo et al, 1993, Bankston et al, 1995, Jasty et al, 1997). 
The results therefore suggest that with increasing areas of roughness, abrasive wear 
mechanisms combined with fatigue failure play a significant role in the production of 
submicron sized particles as a result of increased activity. Increased activity would have the 
effect of breaking down large particles due to increased load and the frequency at which 
this load is applied (Bowsher & Shelton, 2001). With the area of roughness increased to 
cover the entire upper hemisphere of the femoral head, no particles greater than 10 µm 
were generated, with a volume distribution showing a average modal particle size of 1 µm 
for tests under simulated jogging, tests under simulated walking produced an average 
modal particle size of 3 µm. 
The roughening of the femoral head served to change the morphology and number of 
particles produced during this stage of testing. Volume distributions of particles retrieved 
from tests under rough femoral head conditions indicated that the modal particle size was 
on the whole smaller than particles from tests under smooth conditions. SEM examination 
indicated that in general these particles tended to have a spherical shape. This 
is in 
agreement with a study by McKellop et al (1995), reporting that sub-micron particles are 
more spherical in shape. 
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Jogging and walking tests under a roughened area of 20 mm2 produced very similar results 
in terms of number distributions to that of walking under the same roughened area. 
However the volume distributions indicate that the greatest proportion of the volume for 
walking tests is composed of particles with a modal size of 2 µm, ranging from 0.09 to 15 
µm, whereas under jogging we see a polymodal distribution with an average modal particle 
size of 20 µm, with particle size ranging from 0.08 to 300 µm. With damage increased to an 
area of 80 mm2, the number distributions again produce very similar results, both walking 
and jogging indicating that the greatest number of particles lying within the range of 0.1 to 
1 µm. However the volume distributions show that jogging delivers that greatest 
concentration of bioactive particles, as the majority of particles are less than 10 µm in size. 
These results suggest that abrasive wear mechanisms play a more prominent role in the 
production of biologically active particles rather than activity. Hence, increased activity is 
possible, however once the femoral head experiences damage that is greater than an area of 
80 mm2, implant life may be limited for younger more active patients with PE based 
sockets. At this stage the joint is only producing bioactive particles in large concentrations 
which would elicit a macrophage response resulting in osteolysis and eventual aseptic 
loosening. The current study has also shown that there is a threshold point at which the size 
of the damaged area becomes a more influential factor on the wear and the generation of 
biologically active particles of crosslinked PE (Figure 5.1) 
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Figure 5.1 Relationship between wear and increasing area of femoral head surface damage, 
wear under walking continues on a linear path, however wear under jogging, produces an 
increase in wear with increasing area of surface roughness. 
Under small areas of damage, surface roughness had little influence upon the long term 
wear of the PE. Small changes in surface topography were observed during jogging tests, 
with a reduction in surface Ra from 0.4 µm to 0.28 µm and 0.34 µm, for 20 mm2 and 80 
mm2 areas of damage respectively. The fully roughened head also showed a reduction in 
the Ra during the course of a test, indicating that some self-polishing had occurred. The 
decrease in surface roughness is reflected in the reduction in wear experienced by the fully 
roughened head following initial jogging tests. From these results it would seem that 
significant changes in surface topography tend to occur over short periods of high activity. 
The current study also looked at the effect of applying discrete scratches to the femoral 
head followed by walking and jogging tests (Barbour et al, 2000, Endo et al, 2000). 
Walking under a scratch of 5 mm length produced higher wear rate (32 mm3/106 cycles) as 
compared to jogging, which was approximately half that of walking (15 mm3/106 cycles). 
However an increase in scratch length to 10 mm and scratches covering the entire upper 
hemisphere served to change this view, with jogging producing the highest wear rate in 
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both test conditions. Walking and jogging under a 10 mm scratch produced wear rates of 22 
and 39 mm3/106 cycles respectively. Walking and jogging under scratches covering the 
entire hemisphere produced wear rates of 33 and 73 mm3{106 cycles respectively. 
Producing a similar pattern of wear as to that of wear under small areas of roughness. 
The wear rate was always higher for jogging than walking, jogging under discrete scratches 
showed 2-fold increases in wear compared to walking. The advantage with applying 
discrete scratches to the femoral head and studying the wear rate is that both factors can be 
quantified and a relationship between wear and damage can be more easily established. 
These results would therefore imply that the test methods can produce higher rates of wear, 
although the rough patch is possibly more representative of in vivo conditions. However, 
whilst the application of discrete scratches may be positive in terms of quantifying wear 
and surface damage, it may not be the case in terms of particle size and morphology, where 
surface damage would play a more important role. Therefore the application of a roughened 
area may produce more physiologically relevant particles in size and morphology. A 
comparison of the wear rates observed during tests under rough patches and discrete 
scratches for walking and jogging show that walking with 10 mm of damage produces a 
significant difference in wear, this is also true for jogging with 5 mm of damage, showing 
almost 2-fold differences for both types of damage between the two types of activities. 
With damage covering the entire femoral head (discrete scratch as well rough patch) there 
is even greater difference, with the rough patch showing significantly greater for walking 
and jogging. 
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Figure 5.2: Comparison of wear rates generated under two 
types of damage following 
walking and jogging 
The excessive wear generated during simulated 
jogging with a fully roughened suggests 
that femoral head damage would be an influential 
factor in the longevity of implants when 
considering more active patients. 
The high wear rate generated during these 
tests would 
. 
produce greater number of particles 
in the bioactive range and in 
larger concentrations 
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which could stimulate the onset of osteolysis in a shorter period of time compared to the 
volume of wear generated during tests with small areas of damage. 
This study has shown that under smooth conditions, high activity such as jogging can be 
still be undertaken with minimal effect on the wear of moderately cross-linked 
polyethylene. The introduction of small areas of surface damage had a moderately small 
influence on the wear rate of moderately-crosslinked UHMWPE under both high and low 
patient activity. However, a threshold point exists, where the area of surface damage 
combined with increased activity, reaches a critical value, which would lead to excessive 
wear and a significant increase in the number of particles produced. "The most significant 
risk is wear at the joint surface" (Healy et al, 2001), with this thought in mind high activity 
may be possible; however once a significant amount of damage occurs at the bearing 
surface, activity should be moderated to low impacts sports which would minimise the 
impact loading experienced by a joint replacement. However assessment of damage in vivo 
at the joint interface is very difficult. The study has shown that with the monitoring of wear 
over time, under certain conditions and assumptions as to patient activity, could provide 
some indication as to what the wear rate could be for a particular prosthesis design and 
patient. 
5.3 Wear of Metal-on-metal bearings 
Tests conducted on metal-on-metal bearings also produced a similar patter of results for 
tests under smooth femoral head conditions, showing high wear during the wear in phase, 
eventually reaching steady state wear at 1-2 million cycles. However the volumetric wear 
generated by the metal-on-metal bearings was significantly lower than metal-on-PE 
bearings, for all bearing diameters, although there are differences in wear 
between the 
different head diameters. 
The running-in wear results for the 28 min bearings produced similar 
levels of wear when 
compared with previous hip simulator studies (Firkins et al, 
2001, Smith et al, 2001), using 
28 mm diameter heads. The 40 and 56 mm diameter 
bearing also produced high running in 
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wear, with the 56 mm diameter bearing producing the highest volume of wear during the 
wear in phase. 
All steady-state wear results in the current study showed similar quantities of wear when 
compared with previous studies, with the 56 mm diameter bearing showing the lowest wear 
rate during steady state wear. However due to the high volume of wear experienced by the 
56 mm diameter bearing during the wear in phase, it appears to be the worst in the short 
term, i. e. 5 million cycles, or the equivalent of 3-5 years of use, in the long term however, 
the results show that larger diameter bearing would continue to produce lower wear rates 
than smaller head diameter. Results closely agreed with classical elastohydrodynamic 
lubrication theory, i. e. showing low rates of wear for large head diameters (56 mm). In 
addition to this, all steady-state wear results in the current study showed similar quantities 
of wear compared to previous studies. 
5.4 Influence of activity 
The wear generation was also found to be affected by the type of activity undertaken, with 
fast jogging activities generating a 4-9 fold increase in wear compared to normal walking. 
This high increase in metal wear for simulated jogging cycles indicates a change in 
lubrication regime compared to normal walking, shifting from a hydrodynamic/mixed 
regime to a mixed/boundary regime, showing a decrease in ? and minimum film thickness, 
Figure 5.3. Slow-walking also showed a sizable increase in wear compared to normal 
walking, indicating that it is not just high forces and sliding speeds that causes high wear. 
With regards to the influence of bearing diameter, the results showed that the 
largest head 
size generated the lowest wear result under all normal walking, slow walking, slow 
jogging 
and fast jogging activities simulated, demonstrating excellent wear resistance. 
Therefore for 
more active or younger patients metal on metal bearings would 
be another alternative to 
ceramic bearings due to the low levels of wear experienced 
by metal on metal bearings. 
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increasing bearing diameter. Calculated using equations developed by Jin et al (1997) 
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5.5 Particles generated during wear of polyethylene cups 
Despite the low wear rate observed during steady state wear, the majority of the particles 
observed were in the sub-micron range, which are within the bioactive range (Fisher et at, 
2001). Particles isolated from tests during steady state wear, ranged from 0.08 to 8 µm, 
with an average modal particle size of 0.35 µm and are in agreement with previously 
published data, which have reported a mean particle size, ranging from 0.38 to 0.7 µm 
(Table 2.3), with the majority of particles lying in the range of 0.2 to 10 µm. Morphological 
analysis of particles retrieved from tests under smooth conditions showed similarities with 
investigations from clinical studies. These have reported both fibril and granular type sub- 
micron particles, isolated from periprosthetic tissue (Campbell et at, 1996, Hailey et at, 
1996, Hirakawa et at, 1996, Kobayashi et at, 1997, Schmalzried et at, 1997, Tipper et at, 
2000, Elfick et at, 2001). 
The current study confirmed the presence of smaller particles, less than 0.1 µm in size 
using SEM analysis. Although previous studies have not mentioned the presence of 
particles less than 0.1 µm, this may have been as result of technique rather than the absence 
of small particles. A recent study by Scott et al (2001) showed that twice the number of 
particles were recovered on filter membrane with a pore size of 0.05 µm as compared to a 
filter with a membrane pore size of 0.2 µm, indicating that a significant number of particles 
were passing freely through the pores of 0.2 µm membrane filters. Therefore the use of 
0.05 µm membrane filters in the current study would increase the accuracy, in number 
terms, of particles analysed, in turn providing a greater understanding of particle size and 
range of size. SEM analysis combined with the non destructive analysis of particles 
by the 
use of the PSA provided a more detailed breakdown of what is happening to particle size 
and morphology. The PSA was found to be a useful technique and enabled 
large numbers 
of particles to be analysed. However it was not able to resolve the smallest particles 
that 
were observed in the same samples during SEM image analysis. 
The smallest range of 
particles, 0.01 to 0.05 gm were almost universally unrecognised 
in the PSA particle 
distribution data in the current study. Indeed in previous studies using this technique 
(Elfick 
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et al. 2001) no small particles were observed, however this may have been compounded by 
agglomeration of small particles into larger clumps. 
The results from the current study would imply that crosslinked PE would produce fewer 
particles, compared to non-crosslinked PE; although further differences were observed 
between non-crosslinked and crosslinked PE. Crosslinked PE produces significantly more 
particles in the sub-micrometer range, oval to round in shape as compared to non- 
crosslinked PE which tends to produce more elongated and fibril like particles (Figure 2.9). 
This would therefore mean that in terms of numbers, more particles may be produced by 
crosslinked PE, which in turn may induce a cellular response. However in vitro studies into 
the biological activity of particles has shown that elongated particles are more likely to 
produce a more serious inflammatory response than rounded particles (Yang et al, 2002). 
Nonetheless particles produced by crosslinked PE; which fall within the bioactive range 
would also induce a cellular response. A recent study by Illgen et al (2003) showed that 
crosslinked PE particles produced lower biological activity as compared to non-crosslinked 
PE particles. The biological response of a patient to particulates is a multifactorial process 
and differs from patient to patient and from material to material. 
Wear is a multifactorial process, dependent upon activity, mechanisms of wear, stresses 
experienced by the bearing surface, motion and PE structure (Schmalzried et al 2003), all 
of which affect particle size and morphology. Current understanding of crosslinked PE 
shows it to be a more favourable material than non-crosslinked PE due to the extremely 
low 
wear rate. 
5.6 Particles generated during wear of metal bearings 
An alternative bearing system was also investigated in the current work, namely metal-on- 
metal bearings. An enzymatic protocol was developed that worked well 
for the isolation of 
metal wear particles; all protein matter was digested, no organic matter was seen 
during 
TEM analysis, and EDX confirmed the presence of metal particles, shown 
in Figure 4.55. 
The isolation protocol was shown to be a reliable technique 
in metal particle isolation. The 
current study into the effects of bearing diameter and activity and 
its effect upon particle 
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generation showed significant differences in the size and the number of particles produced 
for the three different diameters of femoral head sizes. All particles generated during wear 
tests produced particles in the nanometer range for all three types of metal femoral heads, 
during both high (jogging) and low activity (walking). 
The results from the current study showed that all bearing sizes generated larger mean wear 
particle sizes compared to previous hip simulator studies. Recent studies by Fisher et al 
(2000) and Firkins et al (2001), using similar CoCrMo bearings, 28 mm in diameter, have 
reported mean wear particle sizes of 25-36 nm, whereas particles in the current study were 
7 times greater at 200 nm. Although the particle size reported is large, the current study did 
adopt a much less corrosive extraction protocol (Catelas et al, 2001), which may have led 
to larger particles. Catelas et al, also studied the effects of digestion protocols on metal 
particles. Catelas et al found that enzymatic protocols had the least effect upon the chemical 
composition of metal particles. Ion concentration, following alkaline treatments were 
higher when compared to enzymatic techniques. Following alkaline treatments, chromium 
oxide particles disappeared over time and with increasing concentrations, in turn affecting 
particle size and composition. Enzymatic protocols appeared to be the least damaging, 
examination of particles following enzymatic digestion showed the presence of chromium 
oxide and CoCrMo particles with varying levels of Co and Cr, which would indicate that 
particles on the whole retained their overall chemical composition whilst also having a 
minimal effect upon particle size and morphology. 
Although the particles are larger, they are still within the clinical range of particles reported 
for in vivo samples of retrieved tissue studies. A previous study by Doom et al, (1998) 
isolated particles from retrieved tissue, using an enzymatic digestion protocol, and reported 
mean particle sizes of 81 nm, ranging from 20-834 nm, which were mainly round 
in shape. 
Particle sizes reported in the current study were within this size range, albeit with a mean 
size that was larger, however the particles appeared to be very uniform 
in morphology, 
round to oval shaped particles. 
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Data from the current study also showed that larger diameter bearings produced smaller 
wear particle sizes (median 90 nm) compared to 28 mm bearings. This result also agrees 
with clinical data reported by Doom et al (1998), who showed a mean particle size of 60 
nm for large diameter bearings (45 mm) and are representative of those observed in 
retrieved tissue studies. This may suggest that the hip simulator used in this study generates 
physiologically relevant wear particles, especially with the introduction of jogging. 
Currently there are no studies which have reported particle size and morphology of metal 
particles during high activity, making comparisons difficult. 
With the introduction of jogging, on a 40 mm bearing the particle size showed an increase 
of 25 %, compared to particles generated during walking with a 40 mm bearing. This would 
increase the metal particle surface area and thereby potentially increase the levels of ions 
that are released into the body. Although the particle size was similar to that of the 56 mm 
bearing under normal walking, particles from the 28 mm bearing were shown to be 
significantly different, approximately twice the size of particles when compared to either 
the 40 or 56 mm bearing. The 40 mm bearing showed that with increased activity there was 
an increase in particle size, if this trend is then applied to both the 28 and 56 mm bearing, it 
would suggest that increased activity would in turn increase both mean or median particle 
size and therefore the number of particles generated during wear. The surface area of metal 
particles and implication towards ion release may be the determining factor in deciding 
which MOM replacement would be the most suitable for any given patient with regards to 
the level of activity that is likely to be undertaken by the patient. 
Based on the wear particle results, the total surface area and total number of particles 
produced after 106, was predicted, Table 5.1. The volume and surface area for each particle 
was calculated using the Equations 3.1 to 3.3 and then used as a ratio to determine all 
values. A prolate ellipsoid was used to minimise any errors in predictions, as the majority 
of the particles were rugby ball shaped not spherical. Theses show that under steady-state 
conditions the 56 mm bearing would produce lowest level of surface area, thereby 
minimising ion release, however jogging would substantially increase the accumulated 
particle surface area for all bearings. 
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Table 5.1: Wear rates and calculated particle surface area based on measured particle size 
for all bearing diameters 
Head Diameter of MoM 
28 mm 40 mm 56 mm 
Mean Steady-State Wear 
Rates (mm3/ 106 Cycles) 
0.92 0.39 0.32 
Total Wear Particle 
Surface Area Per Mc 
(m2/ 106 Cycles) 
0.153 0.116 0.066 
The total number of particles generated per year of use for all 28,40 and 56 mm bearing 
were 3.8 x 1012,1.9 X 1013 and 1.9 X 1012 respectively and similar to previous data (Doom 
et al, 1998, Fisher & Ingham, 2000), showing particles numbers ranging from 6.7 X 1012 to 
2.5 X 1014. This again supports the supposition that the hip simulator used in the current 
study generated clinically relevant particles in terms of size and morphology and therefore 
the number of particles observed during analysis. 
The effect of the accumulated surface area generated by these particles may have some 
local and systemic effects, and has been recognized as one the parameters which may affect 
macrophage response (Shanbhag et al., 1994). However there is a question mark on how 
this may affect cellular response, therefore this may not be a good indicator as to how 
hystiocytes respond to metal particles. Studying the ion levels in erythrocytes, serum and 
urine of patients with metal-on-metal implants may provide a more accurate description of 
what is occurring in vivo in terms of wear and performance of a metal THR. 
As the exact number of metal particles, which trigger cell toxicity, systemic problems and 
osteolysis are currently not known, the ultimate question of joint longevity cannot 
be 
answered. However, this data can be used for cell-culture studies to generate 
better results 
for various patient types. A recent study by Catelas et al (2003) showed the effects of 
both 
Co 2+ and Cr3+ upon macrophage response and TNF-a, with 
Co 2+ showing to be more toxic 
than Cri+, with indications that necrosis can be present 
48 hours after particle release. 
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Therefore patients who are more active may be more at risk compared to normally active 
patients, as they would be producing increased levels Co 2+ and Cri+, very early on, which 
may induce local systemic problems. These conditions may also differ between the type of 
metal implants used (Lhotka et al, 2003). Although patients that do have metal implants 
have shown increased levels of Cr and Co, the toxicological significance of elevated levels 
of Co and Cr have not been fully established (Jacobs et al, 1996, Schmalzried et al, 2003) 
5.7 Particle size and Image analysis 
The current study employed two techniques that have helped in the analysis of both PE and 
metal particles. As well as analysing particles using SEM and TEM, PE particles were also 
analysed using a Particle Size Analyser (PSA).; This allowed large quantities of particles to 
be analysed in a very short space of time, without the loss of any particles, the protocol 
used in this study is similar to the protocol employed by Elfick et al (2000). Although the 
PSA analyser is able to quantify large number of particles, it is however a qualitative 
process, it can provide information on the number and the volume of particles, but not on 
morphology. For detailed analysis in terms of morphology, SEM analysis is still required. 
The current study has found minor discrepancies when comparing results obtained via the 
PSA to that of results analysed using the SEM. For accurate measurements of morphology 
and size, SEM analysis is still a useful technique, combining this with the PSA will provide 
additional information as to what is happening with the particles. 
With metal bearing particles the major issue is not the wear rate rather the size of the 
particles and the potential release of ions into the body. Analysis of metal particles using 
the PSA is extremely difficult, due to the size of particles that are to be analysed. TEM is 
an accepted technique in the analysis of particles. However previous studies have only 
reported the mean size of particles that have been observed, and therefore estimation of the 
number of particles generated and the surface area that may result from this may either be 
underestimated or overestimated, leading to the further errors in the prediction of implant 
lifetime. The current has sought to address this issue by using a more accurate method of 
sizing the particles (Equations 3.1-3.3). This technique can more accurately predict the 
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potential surface area that may generated by the particles, therefore providing a more 
accurate means of assessing potential ion release. 
5.8 Influence of environment upon data collection 
An additional factor to be considered was the method by which the wear rates are 
calculated. To obtain reliable and consistent data for analysis, initial weight measurements 
must be repeatable. However it was found that UHMWPE can generate static electricity, 
which can affect the balance and therefore the measurements obtained. This problem can be 
eliminated, by maintaining the balance in a controlled environment, as atmospheric 
humidity and temperature can cause the generation of static electricity. The problem can 
also be eliminated by grounding the user of the balance, this will discharge any static 
electricity present, and the balance will remain stable. Static electricity can affect the 
balance generating erroneous results, which will ultimately affect wear rate and wear 
volume measurement, providing a false result. However many studies that have used PE 
cups in tests have failed to mention this. 
5.9 Summary 
The current study has shown that in the long term when taking into account the total surface 
area that may be generated for an active patient, the 56 mm bearing would perform well in 
terms of low volumetric wear and lower levels of surface area, due to a reduced number of 
particles, despite the initial high wear rate during the wear in phase. 
If activity is the determining factor of wear as stated by Schmalzried (1998) where "activity 
determines the rate of wear and not time", then more accurate and a standardised procedure 
should be adopted for the analysis and prediction of wear and particle analysis for both 
metal-on-polyethylene and metal-on-metal prosthesis. The techniques described in this 
study allow for the long term prediction of particle generation and also allows for the 
prediction of wear and potential surface area of particles from MoM implants, that may 
be 
generated as a result of increased activity in the long term 
for young and more active 
patients 
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Conclusions 
The current study has extended conventional wear testing by evaluating prostheses under 
more extreme testing conditions, namely extending the load parameters from those 
experienced typically in walking to those experienced in jogging and also to change the 
bearing surface parameters from those which are supplied at the point of implantation to 
those commonly observed at the point of a revision operation. The study has examined to 
bearing couples, namely metal on polyethylene and metal on metal. 
The following conclusions were found for the metal on polyethylene bearing couples: 
" Jogging under smooth femoral head conditions showed slight increases in wear 
compared to walking under smooth femoral head conditions, with no statistical 
difference between the two test conditions. 
" Jogging under smooth conditions produced a 5-fold increase in the number of 
submicron sized particles as compared to walking. 
" The size distribution of particles can also be influenced by the degree of patient 
activity undertaken. 
" Wear rates under small areas of roughness (Ra 1.5 µm) showed slight 
increases in 
wear for both walking and jogging. 
" Wear rates observed under increasing areas of surface roughness 
indicate that there 
is a threshold point at which wear rates show a significant 
increase. 
166 
Conclusions 
" Femoral heads with small areas of roughness showed some evidence of self- 
polishing following increased activity, which was also reflected in the decrease in 
wear rates observed and surface measurements obtained following tests. 
" Under small areas of roughness both walking and jogging produced significantly 
more bioactive particles compared to walking and jogging under smooth femoral 
head conditions. 
" Roughening of the fernoral heads affects particle morphology, producing more 
submicron particles that are round/oval in shape. 
" Roughening of the entire femoral head produced 1700 fold increase in the number 
of bioactive particles observed under jogging as compared to walking. 
" Single scratches on femoral heads produce higher wear rates that are higher than for 
smooth heads, although less than for roughened areas. There is not a linear 
relationship between the total scratch length and the wear rate observed. 
The following conclusions were found for the metal on metal bearing couples: 
9 Larger head diameters for metal-on-metal implants produce significantly less wear 
compared to small diameter implants, under steady state conditions. 
" Larger head diameters produce significantly higher running in wear. 
" Small head diameters (28 mm) produced a significant increase in wear particle 
surface area per million cycles compared to large head diameters (56 mm). 
0 Increased patient activity can substantially increase wear particle surface area. 
167 
Conclusions 
Increased patient activity can substantially increase the levels of ion release. 
168 
Future Work 
Future Work 
" Analysis of particles following tests under discrete scratches. 
Development of model relating wear developed under discrete scratches with that 
developed under roughened areas. Extend work to develop computational model 
for the prediction of volumetric wear. 
" Perform cell culture studies of particles obtained following increased activity. 
" Study effects of femoral head surface morphology following tests under rough 
conditions for both walking and jogging. 
" Establish effects of activity on work hardening of femoral heads. 
9 Develop relationship between in vitro tests under increased patient activity with 
data collected from patients with total hip replacement implants. 
" Quantify levels of activity and its relation to wear volume, wear rates, wear particle 
morphology and size. 
" Develop predictive model for patient wear, give determined input parameters e. g. 
gait style, activity level, age, weight, expectations and develop prosthesis selection 
protocol for surgeon. 
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Appendix 1 
Appendix 1.1: Standard Cleaning Protocol 
The following protocol was used for cleaning both specimens and relevant fixturing. 
1. Scrub and rinse component in Decon-90 and deionised water, removing any foreign 
particles. 
2. Place component within a full beaker of Decon-90 (5 %) and deionised water, and 
vibrate for 5 minutes in an ultrasonic cleaner. 
3. Rinse in deionised water. 
4. Vibrate for 10 minutes in a beaker of filtered deionised water. 
5. Rinse in filtered deionised water. 
6. Vibrate for 3 minutes in a beaker of filtered deionised water. 
7. Rinse in deionised water. 
8. Submerge component in propan-2-ol for 2 minutes ±20 seconds, if not possible, then 
thoroughly wipe the component in propan-2-ol. 
9. Dry the component with a jet of nitrogen gas for 10 to 15 seconds, with a forcing 
pressure of 2.5 Bar, and the hose valve fully open. 
10. Cover the components in cellophane, and store within a controlled environment 
(positive air cabinet). 
Appendix 1.2: Socket Measurement Protocol 
The following protocol was used to determine the weight of all test sockets before and after 
wear testing. 
1. Switch on the microbalance, and leave for a minimum of 2 hours to warm up. 
2. Ensure all sockets are clean using the standard cleaning protocol, outlined in Appendix 
Four. 
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3. Place all sockets on a lint-free cloth next to the measuring balance, and leave for a 
minimum of 30 minutes to stabilise. 
4. Before taking measurements, switch off air conditioning, as draughts may cause 
inaccurate measurements. 
5. Record room temperature. 
6. Calibrate microbalance (pressing Tare). Before weighing actual specimen, exercise the 
balance by weighing a socket, and waiting for it to reach a stable reading. 
7. Take 4 weight readings of each socket, in rotation, keeping the same specimen 
sequence each time. While waiting for the balance to stabilise on each reading, record 
the appearance of each socket, i. e. number of scratches and scuff marks, plus grade the 
overall mirror finish. 
8. The median of the four measurements weights is to be used foe wear calculations. 
Appendix 1.3: Femoral Scratching Protocol 
The following protocol was used to scratch all CoCrMo femoral heads. 
1. Remove all femoral heads from their protective packaging, and locate each head on 
a stainless steel head fixture. Once located, tap each head with a plastic hammer and 
a protective cloth to ensure a good fit. 
2. Place one head assembly into a bench vice, positioning the head upwards, and 
proceed to scratch the upper hemisphere of the head with 400 grit 
SiC paper. 
Scratches should not pass lower than the horizontal equator of the 
head. Apply the 
SiC paper in a circular motion to ensure multi-directional scratching over 
the entire 
upper hemisphere. Ensure that all scratches are of a similar size 
to the naked eye. 
3. Place the head and fixture into the contact profilometer, and take 
five measurements 
in the roughest areas to the naked eye. If the maximum 
Rp is greater than 3 µm ± 0.5 
µm for each measurement, then use 300 grit 
SiC paper to reduce the extent of 
scratching, and re-measure with five reading. 
If the maximum Rp is less than 3 µm ± 
186 
Appendices 
0.5 µm for all readings, then use a 400 grit SiC paper again to increase the 
scratching, and re-measure with five reading. 
4. Once all five readings produce a Rp of 3 µm ± 0.5 µm, then take between 20 to 40 
readings of the entire scratched surface of the femoral head, and calculate a median 
Ra and Rp. If the median Ra is higher or lower than 0.38 µm ± 0.5 µm for all 
readings, then again apply the grit SiC paper to reduce or increase the scratching, 
and re-measure to achieve a median Ra 0.38 µm ± 0.5 µm for 20 to 40 readings. 
5. Once the head is scratched to the correct roughness, remove from the contact 
profilometer, and clean thoroughly with lint-free cloths, Decon-90 and Propan-2-ol, 
to remove all fine metal particles. 
6. Locate the next femoral head fixture and head into the bench vice, and complete 
steps 2 to 5 until all heads are completed. 
Appendix 1.4: Surface Topography Definitions (Taken from www. predev. com) 
The surface roughness parameters used in this thesis were Ra, Rp, Rt, R, and are defined as: 
Ra, Roughness Average (also known as AA or CLA) is the area between the roughness 
profile and its mean line, or the integral of the absolute value of the roughness profile 
height over the evaluation length: 
"I'll, 
Re = 
IIF1x 
0 
r4 
Lx 
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RP, Peak Profile Height, is the height of the highest peak in the roughness profile over the 
evaluation length. Similarly, R, is the depth of the deepest valley in the roughness profile 
over the evaluation length. 
Rp = ýax [r(x)l 0<x<L 
Appendix 1.5: UHMWPE Wear Particle Retrieval Protocol 
(Adapted from Campbell et al (1994), and Yamac (1999). 
The following protocol was used to extract polyethylene wear particles from bovine serum. 
1. Defrost sera. 
2. Place defrosted sera into ultracentrifuge tubes to within 10 mg of each other. The 
tubes should be filled to a maximum of 5 mm space at the top. This is important as 
otherwise the tubes may collapse during ultracentrifugation. 
3. Place tubes into bucket, making sure that tubes are completely dry. 
4. Place the bucket in the ultracentrifuge swing-out rotor. 
5. Ultracentrifuge specimens for 3 hours at 25,000 rpm at 20 °C. 
6. After the initial spin, collect the top layer from each serum sample (approximately 
20 ml for each sample), and place in clean a tube. 
Following the collection of the PE particles from the bovine serum, the serum is digested 
using 5M NaOH to aid particle separation. 
7. Add an appropriate amount of NaOH pellets to the separated sera sample in order to 
make up 5M NaOH solution, i. e. add 4g of NaOH per 20 ml of sample. 
8. Shake tubes gently until all the NaOH pellets have dissolved and leave at room 
temperature overnight. 
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This stage separates the PE particles from the digested sera suspension in order to finally 
obtain a `clean' sample of PE on a filter to observe under SEM. 
9. Place digested sera into ultracentrifuge tubes, and dilute with dW to fill tubes, 
balance tubes to within 10 mg of each other. 
10. Ultracentrifuge samples for 3 hours at 25,000 rpm at 5-15 °C. 
11. After this spin, remove the top layer and place into isopropanoldW layers with 
densities of 0.96 and 0.90 gcm-3. A small sample of PE placed in the solution can 
act as a marker. 
12. Ultracentrifuge, as before for 2 hours at 20 °C. 
13. After the spin, remove tubes and collect the interface of the two isopropanol/dW 
layers, this should be easy to identify, as the PE marker should indicate where the 
interface is. 
14. Place particle suspension into clean tubes and ultrasonicate for 10-15 minutes. 
15. Filter the removed suspension onto 0.1 and 0.05 µm pore size polycarbonate filters. 
16. Coat with gold/carbon and view with SEM for image analysis. 
Appendix 1.6: Metal Wear Particle Retrieval Protocol 
1. Centrifuge sample for 10 minutes at 16,000g 
a. Discard supernatant, pellet should remain at the bottom the tube 
2. Suspend particles in I ml of 2.5 % Sodium Dodecyl Sulphate (SDS) in filtered dW. 
STNS was used as a surfactant, binding hydrophilic and hydrophobic elements within 
the solution, thereby removing them from the surface of metal debris. 
3. Boil this solution for 10 minutes the centrifuge sample to form pellet, and discard 
remaining supernatant of SDS 
4. Wash sample with I ml of 80 % Acetone and three times with I ml 50 mM Tris- 
HCI at pH 7.6 using a Phosphate Buffer (PB). This acts to modulate the pH and 
osmotic balance, centrifuge sample between each wash and discard supernatant. 
5. Sonicate sample for a few seconds, to break up any agglomeration that may occur 
during centrifugation 
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6. Add 1.5 U of papain in 1.5 ml of PB, 
7. Incubate sample for 24 hrs at 65° C 
8. After incubation, centrifuge sample 10 minutes and discard supernatant 
9. Resuspend pellet in I ml of 2.5% SDS and boil for 10 minutes, and centrifuge for 
10 minutes and discard supernatant 
10. Wash sample twice in I ml of 50mM Tris-HCI (pH 7.6) and sonicate for a few 
seconds 
a. Centrifuge for 10 minutes and discard supernatant between each wash 
11. Incubate sample with 400 µg of Protenaise K in I ml of Tris-HCI pH 7.6, for further 
24 hrs at 55° C. Protenaise K acts to inactivate enzymatic activity within the 
solution and breakdown any peptide bonds. 
12. Recentrifuge sample for 10 minutes and discard supernatant 
13. Resuspend in I ml of 2.5 % SDS and boil for 10 minutes 
a. Centrifuge for 10 minutes and discard supernatant 
14. Wash sample in 1 ml of 50mM Tris-HC1 (pH 7.6) and centrifuge for 10 minutes and 
discard supernatant 
a. Once in 500 41 of 80 % acetone, this will help to dissolve and remove any 
remaining substances within the serum sample following enzymatic 
digestion 
i. Centrifuge for 10 minutes and discard supernatant 
b. And once with I ml of dW 
i. Centrifuge for 10 minutes and discard supernatant 
Store sample in 100 % ethanol at 4°C 
Appendix 1.7: Protocol for Image Analysis using Image-Pro Plus V4 
1. Load image from stored file. 
2. Before any analysis is carried out the image must be calibrated for the correct units of 
measurements. 
3. Once the image is loaded, Zoom in on the size indicator on the SEM image. 
190 
Appendices 
4. Go to Measure-+ Calibration-->Spatial 
5. The Spatial icon should now appear on the screen. 
6. If this is a new calibration step, click on the New icon. 
7. Select your units of measurements (for most SEM images this is usually in ýtm) 
8. After this click Image 
9. A line should now appear on screen. Drag the endpoints of the line across the size 
indicator on your image making sure that the line is completely straight and then click 
OK and OK again. Once this is done the analysis process can begin. 
10. Isolation is best done in a binarised image. To do this go to Edit-C'on'vert 
to-->Greyscale 8. Greyscale 8 is enough to binaries the image for particle isolation. 
11. Once converted go to Process-Threshold. 
12. Adjust the scale of the threshold level (0-255) to the desired scale by comparing with 
the original image to obtain the optimum particle size. 
13. Once the borders of the particle have been resolved, click Apply Mask and then Close. 
14. Go to Measure --Count/Size 
1 5. Select Edit-Draw/Merge objects 
16. The Trace bar icon should now appear on the screen. 
17. Click on the Wand icon. This will enable you to draw a border round the particle simply 
by clicking the left then the right mouse when the mouse arrow is over the particle that 
is to be highlighted. When this is done a green border should appear around the 
perimeter of the particle. 
18. Once all the particles have been selected click OK on the Draw/Merge bar. 
19. Particles which are combined with dark areas of the image may sometimes merge when 
the image is binarised. In this case a trace outline perimeter can be drawn in by clicking 
on the Wand icon once. 
20. If two particles are combined together or too close, a Split Object option is available. 
For this go to Count1Size--4Edit-. >Split Object. Then draw a line where the split should 
be by comparing with the original image, once the line is drawn click on the right 
mouse button. 
2 1. After particle selection is complete click on Measure->Select Measurements. 
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22. A window will now appear containing a list of measurement parameters, click on the 
required parameters for your purposes. 
23. For particle extraction select: Area 
Length 
Width 
Roundness 
Perimeter 
Aspect Ratio 
Diameter 
24. Once selected, click Measure then OK 
25. To view data, go to View-Measurement Data. 
26. All the required should now be displayed in a table format. This data can be saved in 3 
formats, Excel, ASCII or Lotus. 
27. To save the data go to File--;, -. Data to File, give the file a name and click ok. 
Parameters defined: 
(http: //support. mediacy. com/answers/showquestion. asp? faq=36&fldAuto=346) 
Area: Reports the area of each object 
Perimeter: Measurement to report the length of the outline of the highlighted object 
Roundness: Reports the roundness of each object, as determined by the following 
formula: 
Roundness = 
Perimeter 2 
4x/rxArea 
Circular objects will have a roundness = 1; other shapes will 
have a 
roundness > 1. 
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Diameter: Reports the average length of the diameters measured at two degree intervals 
joining two outline points and passing through the centroid. 
Aspect Ratio: Reports the ratio between the major axis and the minor axis of the ellipse 
equivalent to the object (i. e., an ellipse with the same area, first and second 
degree moments), as determined by Major Axis/Minor Axis. 
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Appendix 2 Papers & Abstracts 
Bowsher, J. G., Hussain, A., Williams, P., Nevelos, J., Shelton, J. C. Effect of ion 
implansttion on the tribology of metal-on-metal prostheses. J Arthroplasty, Vol. 19, No. 8, 
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head diameter in minimising metal-on-metal hip wear. Paperpending 
Bowsher, J. G., Hussain, A., Elfick, P. D., Green, S. M., Shelton, J. C. 'Severe' patient 
activity simulation substantially increased the number of submicron-sized wear particles in 
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activity simulation substantially increased wear particle surface area in metal-on-metal hip 
bearing study the number of submicron-sized wear particles in XLPE-on-metal hip bearing 
study. Abstract in Press 
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Effect of Ion Implantation on the Tribology of 
Metal-on-Metal Hip Prostheses 
John G. Bowsher, PhD, *t Azad Hussain, MSc, * Paul Williams, MSc, t 
Jim Nevelos, PhD, t and Julia C. Shelton, PhD* 
Abstract: Nitrogen ion implantation (which considerably hardens the surface of the 
bearing) may represent one possible method of reducing the wear of metal-on-metal 
(MOM) hip bearings. Currently there are no ion-implanted MOM bearings used 
clinically. Therefore a physiological hip Simulator test was undertaken using standard 
test conditions, and the results compared to previous studies using the same meth- 
ods. N2-ion implantation of high carbon cast Co-Cr-Mo-on-Co-Cr-Mo hip prosthe- 
ses increased wear by 2-fold during the aggressive runiiing-in phase compared to 
untreated bearing surfaces, plus showing no wear reductions during steady-state 
conditions. Although 2 specimens were considered in the current study, it would 
appear that ion implantation has no clinical beiietit for MOM. Key words: metal- 
on-metal bearing, tribology, ion implantation, wear, cobalt chrome, hip simulator. 
(D 2004 Elsevier Inc. All rights reserved. 
The use of ion-implanted Co-Cr femoral heads is 
believed to reduce clinical wear rates of polyethyl- 
ene cups by 20 % [I], increase resistance of metallic 
surfaces against particulate polymethylmethacry- 
late (PNLN4A) bone cement abrasion [2], and reduce 
corrosion [3]. This process involves implanting ions 
(typically nitrogen) on the surface to a depth of 
approximately 0.2 jim. This generates a highly 
doped and compressively stressed layer. This also 
increases hardness by 30-50% in chromium alloys 
by precipitation strengthening [4], plus reducing 
friction and increasing wettability. However, to 
From the *[RC in Biomedical Materials and Department of Engi- 
neering, Queen Mary, Universiiýy of London, London United Kilýqdoln, 
the tLoma Linda University Medical Center Department of Orthopae- 
dics, Loma Linda, Calýfornia USA, and tCorin Medical, Cirencester, 
IJnited Kingdom 
Benefits or funds were received in partial or total support ot 
the research material described in this article. These benefits or 
suPPOrt were received froin Corin Ltd., Cirencester, U. K. 
Reprint requests: Dr. J Nevelos, Corin Medical, The Corinium 
Centre, Cirencester, UK GL 7 IYJ. 
(D 2004 Elsevier Inc. All rights reserved. 
0883-5403/04/1908-3021$30.00/0 
doi: 10.10 1 6/j. arth. 2004.09.021 
date, no ion-implanted MOM wear studies have 
been reported. 
At present, one of the disadvantages of modern, 
large-diameter MOM bearings may be their high 
running-in wear phase [5-7], which creates an 
extremely high number of wear particles. While the 
depth of ion implantation may be thought to be 
small (0.2 jum) in comparison to the wear penetra- 
tion of conventional MOM (20 )um) [8], it is possi- 
ble that ion implantation could confer an advantage 
during the running-in phase. Improved wear resis- 
tance during, this critical phase would be beneficial. 
Currently there are no ion-irnplanted MOM bear- 
ings used clinically. 
Therefore, the aim of this wear study was to test 
the hypothesis that ion implantation may minimize 
the severity of the running-in phase for modern 40 
mm MOM prostheses. 
Materials and Methods 
The 2 customized MOM bearing couples were 
received with nitrogen ion implantation (ion en- 
ergy: 92 keV, ion dose 
IX1017 ions /CM2) (Corin 
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Fig. 1. Variation of combined (head and cup) volurnetric 
wear versus number of cycles for running-in and steady- 
state v,, ear condition,, (normal walking) for the 4 "stan- 11 dard" cast Co-Cr-Mo (HIPed/SA) 40 mm MOM bear- 
ings [9]. RC = radial clearance, and Form - maximum 
deviation of sphericity. 
Medical, Cirencester, UK). The depth of ion implan- 
tation was 0.2 tkm. The maximum dosage of ion 
implantation occurred in the initial 0.1-0.15 jim 
(not confirmed bv the authors). The wear control 
data was taken 
irorn 
our previous studies of 4 
"standard" metal bearings run under matching test 
protocols [91 (Fig. 1). All bearings were 40 mm in 
diameter with similar bearing geometries (Table 1) 
and were manufactured frorn high carbon (0.3% 
wt) cast Co-Cr-Mo in the standard double heat- 
treated condition, in other words, hot isostatically 
pressed (HIPed 
,) and solution annealed 
(HIPed/SA. ) 
(BS7252-4). The previous study demonstrated that 
double heat-treated bearings (with a fine carbide 
structure) had equivalent wear performance to "as 
cast" bearings under standard and severe test con- 
Fixed in 
plane 
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4000 i u Normal Walking 1.0 Hz 8 3M , U. 
20001 
CL IGOO 0 234 
Time (Seconds) 
Fig. 2. Images showing (A) schernatic of I tcst station of 
the MTS S-station hip joint SinlUlator, (B) head and cup 
physiological positioning (serurn chamber removed), and 
(C) normal walking profiles timed over 4 seconds (2450 N 
max, 1.0 Hz). 
ditions [9]. The radial clearances in this study were 
just over 100 gm and were selected in an attempt to 
exaggerate potential differences in wear rates be- 
tween the 2 groups. 
An 8-station orbital hip simulator was used with 
all cups inclined physiologically at 35' to the hori- 
zontal (MTS Svstems, Eden Prarie, NIN; Fig. 2). The 
lubricant was 25% newborn calf serum (Sigma UK, 
C-6278), with a protein content of approximately 
17 mg/ml. The serum test volume was 500 tril, and 
the chambers were maintained to 371C, and the 
serum was changed every .5 million cycles. Sodium 
azide was added as an antibiotic (I g/litre of 
sera) [10]. 
Table 1. Identity Numbers and Bearing Geometries for All Test Specimens (Ranked from Lowest to Highest 
Radial Clearance in Each Group) 
Bearing Identity MOM Bearing Maximum Deviation 
Number Type Radial Clearance (Am) of Sphericity (ýtm) 
I lon implanted 108 
9 
2 lon implanted 115 
14 
Maximum 115 'N'laxil-num = 14 
3 Standard 104 
9 
4 Standard 104 
7 
5 Standard 106 
6 
6 Standard 116 
8 
9 Maximurn 116 Niaximurn 
Abbreviation: MOMM, metal-on-metal. 
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Table 3. Summary of Statistical Comparisons for Ion- 
Implanted and Standard (Control) Co-Cr-Mo 
Specimens for Each Wear Condition 
Total N 
Wear Condition Ion Implant Std P value Power 
Ruti-In: Steady-State 
o Bearing I 
RC: 108 gm, 
Form 9 lim 
Bearing 2 
RC: It 5 pm, 
Form 14 pm 
012345 
Number of Cycles (Million) 
Fig. 3. Variation of combined (head and cup) volurnetric 
vvear verSLIS number of cyclcs for running-in arid steady- 
state wear conditions (normal walking) for the 2 ion- 
implanted (HIPed/SA) cast Co-Cr-Mo 40-nirn MOM 
bearings. 
[A) Running-In 6 12 
. 
003 N/A 
[B] Steady-State 4 20 
. 
51 0.10 
Abbreviation: Std, standard deviation. 
bearing were measured (Surttest SV-400 profiloine- 
ter, Mitutoyo, Japan; cut-off length of 0.4 nun). 
Each component was measured 4 times in an un- 
worn region, and 6 times within the region of 
highest wear. Wear surfaces were also examined by 
scanning electron microscope (SEM). 
Results 
Wear was calculated gravirrictrically every 0.5 
million cycles using an analytical balance (Precisa 
UK, 925M-202A/0.01. nig), and was adjusted using 
7 control Co-Cr balls. All surfaces were clearied 
using lint-free cloths and propan-2-ol prior to 
weighing. Volumetric wear rates were determined 
assuming a density of 8300 kg / 111 3 for the Co-Cr-Mo 
alloy. 
The ion implanted bearings were subjected to 1.0 
million. cycles of normal physiological walking 
(2450 N max, I Hz) to quantify running-in wear. 
Ion-implanted bearing I (IIB- 1) was subjected to a 
further 2.5 million cycles of n(, rmal walking to 
measure steady-state wear conditions. All control 
MOM bearings were run to 3 million cycles of 
normal walking (Fig. 2C 1) 
[IIJ. Regression analysis 
was used to calculate average wear rates, and anal- 
ysis of covariance (ANCOVA) was used to compare 
groups and calculate the level of significance. 
Following all wear tests, the surface roughness of 
the heads and cups of IIB- I and I control MOM 
All bearing couples generated a biphasic wear 
pattern., in other words, showing a high running-in 
phase followed by a reduced steady-state condition 
(Figs. 1,3). The ratio of running-in versus steady- 
state was approximately 4: 1 for botli bearing groups 
(Table 2). Under running-in conditions, the 2 ion- 
implanted bearings showed a 2-fold increase in 
wear compared with the "standard" (control) bear- 
ings (P=. 003; Tables 2 and 3). Under steady-state 
conditions, the ion-implanted bearings showed a 
70% increase in wear rate compared with the un- 
treated (control) bearings, but this difference was 
not statistically significant (P=. 5; Tables 2 and 3). 
A visual examination of the ion-implanted spec- 
imens after the initial 500,000 cycles of testing 
showed that a large proportion of the "black" ion- 
implanted surfaces wore off both head and cups, 
leaving a "silver" surface (Fig, 4A, B). A visual 
difference was also observed in the formation of 
transfer films, with the ion-implanted bearings pro- 
ducing less film formation. 
Table 2. Linear Regression Results for All Ion-Implanted and Standard (Control) Co-Cr-Mo MOM Wear Data 
Number of Data Slope (mm 
3/1 06 95% Confid. Interval 
Points cycles) 
- 
r value (% of Slope) 
Wear Condition Ion Implant Std 
- 
Ion Implant std Std Ion Implant Std [on irnplant 
(A] Running-In 6 12 3.30 1.61 44.8 43.2 
0.95 0.85 
5 IN Steady-State 4 20 0.78 0.46 t 34 
0.99 0.3 49.9 .1 
Running-In / Steady- State Ratio 4.2 3.5 
Abbreviation: Std, standard deviation 
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Fig. 4. Images of wear surfaces sliowing (A) ion-implanted test cup before tcý, H]19, (B) iou-iiiiplamcd tc,, t (-Lip flter the 
initial half-i-nillion cycles of walking, showing removal of the ion-iniplanted surface (center) following wear, (C) typical 
ion-implanted cast Co-Cr-Mo wear surface tinder SEM, showing polishing and abrasion, (D) typical "standard" (control) 
cast Co-Cr-Mo wear SLIrlaCe under SEM, showing large-scale polishing wear and abrasion, (E) transfer filin buildup for 
(control. ) standard MOM bearings, and (F) little or no transfer film buildup for ion implanted bearings. 
SEM examinations of all ion-iniplanted and con- 
trol Co-Cr-Mo wear surfaces showed large polished 
zones interspersed with scratches (2-10 jim in 
vvidth; Fig. 4C, D'ý. SEM images also confirmed a 
reduced film, formation at the edge of the wear scar 
for the ion-implanted bearings compared with the 
control specimens (Fig. 4E, F'). The composition 
and properties of these transfer filins were not 
investigated. 
Following 3 million cycles of wear testing, the 
ion-implanted bearings showed a reduced surface 
roughness range (roughness range [R,,, ] and peak 
profile height [Rj) compared with the control 
bearings (Table 4). 
Discussion 
Although only 2 specimens were considered in 
the current study, the results suggest that the 
Table 4. Surface Roughness Range (Head & Cup) of 
Ion-Implanted and "Standard" (Control) MOM 
Bearings After 3 Million Cycles of Wear Testing, 
Describing Both Unworn and High-Wear Regions Z, 
Unworn Regions 
High-Wear 
Regions 
Roughness Ra (nm) Rp (nni) Ra (nm) Rp (nni) 
1011-Implanted 5-30 10-30 7-25 10-90 
Standard (Control) 17-37 10-40 13-286 10-360 
introduction of nitrogen ion-irnplanted modified 
surfaces offered no reduction in volumetric -wear 
compared with "standard" untreated Co-Cr-Mo 
bearing surfaces during the running-in phase, or 
during steady-state conditions. Our results sug- 
gest that surface modification of MOM bearings 
by ion implantation may offer no clinical bene- 
fit. A large proportion of the modified surface 
coating appeared to have worn off in the ini- 
tial half-million cycles. The depth of ion im- 
plantation (typically 0.2 jim) may have been too 
small in comparison to the potential running-in 
wear penetration of MOM prostheses (25 
[km) [8]. While ion implantation may be favor- 
able for Co-Cr-Mo surfaces articulating against 
ultra - high- molecula r- weight polyethylene [11, 
the benefits for all-metal contact systems was not 
established. 
Because both the ion-implanted bearings pos- 
sessed similar geometrical tolerances to the control 
bearings, the cause of their higher running-in wear 
condition is unknown. The greater wear apparent 
with ion implantation could be due to less transfer 
film formation, thereby causing a worse boundary 
condition - 
Following hip simulator testing, all -wear Surfaces 
created in the current study showed similar Pat- 
terns and processes to those observed clinically [ 121 
and in previous laboratory investigations of 
Co- 
Cr-Mo bearings [5,131. 
[on Implantation and Metal Hip Prostheses e Bowsher et al. 111 
Conclusion 
Nitrogen ion implantation of the surfaces of high 
carbon cast Co-Cr-Mo on. Co-Cr-Mo alloy hip pros- 
theses showed no reduction in wear compared with 
untreated bearing surfaces under any test conditimi 
in this study. 
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Abstract (200 WORDS) 
The clinical benefits of further minimising wear debris and ion release in metal hip arthroplasty 
are exceptional. As well as low radial clearances, low surface roughness and high carbon content, 
bearing wear can also be minimised using larger head diameters. However, the full practical 
advantages of larger head sizes has yet to be demonstrated, especially under more aggressive gait 
activities where lubrication films breakdown. As such conditions can be a part of everyday life in 
young and active patients, more research is needed to improve clinical predictions. Therefore, a hip 
simulator study was commissioned to investigate: using twenty 28,40 and 56 nim Co-Cr-Mo 
bearings, under standard and severe gait simulations, including fast-jogging. The results agreed with 
previous studies showing considerable reductions in volumetric wear with increasing head diameter 
or equivalent radius. In addition, our results showed that the greater the gait activity simulated, the 
more reductions in wear could be achieved by using a 56 mm bearing instead of a smaller size. 
Therefore, 56 mm. bearings with low radial clearances offer the highest possible wear resistance for 
all patient types. Conversely, our study showed that large bearings with radial clearances greater than 
80 Rm can lead to excessive wear during both running-in and severe gait events. 
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1. Introduction 
Modem metal-on-metal (MOM) hip replacements potentially offer less periprosthetic bone 
resorption and lower rates of revision surgery compared to traditional polyethylene-based 
implants I, 2,3, and as a result, are seeing rapid growth worldwide. The use of all metal surfaces 
5,6,7,8 facilitates larger head sizes (>32 nim), which importantly reduces volumetric wear release" dislocation 9 '10 and stress shielding', plus increasing the range of joint movement without 
impingement. In addition, larger head sizes are also ideal for bone preservation techniques like 
resurfacing, which is showing excellent clinical success without the use of ultra-high molecular 
weight polyethylene (UHMWPE)l" 1,12,13. Currently, modem large diameter metal-on-metal hip 
bearings are considered to be an attractive solution f or young and demanding arthroplasty 
patients' 11,13,14,15 , especially those wishing to rertum to more aggressive levels of activity or sports. 
Although it is clear that larger diameter Co-Cr-Mo bearings offer many potential benefits, there 
still remain many unanswered questions concerning their ultimate long-tenn clinical success (>30 
years) and design optimisation. Firstly, modem MOM bearings can still release 1012 to 1014 6,17,18 
nanometer sized metal wear particles into the body each year' , giving rise to sizable increases of 
cobalt and chromium levels in the body' 9,20,21 . 
So far the number of reactions to such particles is 
minimal compared to the number of joints implanted 3,14,15,16 . 
However, recent studies are reporting 
positive correlations of biological responses to Co-Cr-Mo particles, which potentially include 
cytokine generation 23,24,25, systemic cell toXiCitY17,26 , and 
hypersensitiVity27. Therefore, if MOM 
bearings are to be more widely implanted, especially in young and demanding patients, then efforts 
should be made by both engineers and surgeons to further reduce wear debris release. Secondly, the 
topic of head diameter has only seen few laboratory wear studieS28'29,3,6,7, typically with low numbers 
of test specimens. A recent simulator study by Smith et a17 reported lower wear for 36 mm bearings 
compared to 28 mm's, however, low numbers of components were used, plus a simplified continuous 
steady-state walking model was adopted, which may itself induce sizable inaccuracies in terms of 
predicting joint failure for a wide range of patientS30,31 . 
Although there is a consensus that larger 
bearing sizes provide lower steady-state wear rates, (also predicted by lubrication theory)5,8, there still 
remains little practical knownledge of its wider influence. Importantly, there is a lack of knowledge 
of the effect of head diameter on 1) running-in wear, 2) wear particle sizes, and 3) wear under more 
aggressive gait conditions where lubrication films breakdown: 
1) Most modem artificial hip joints typically undergo a running-in phase, i. e. showing higher 
initial wear, and is caused by the early removal of surface asperities (polishing) and corrections in 
sphericit Y4,29,31 . 
As well as obvious factors like surface roughness, bearing sphericity and hardness, 
running-in wear will also be influenced the resulting mode of lubrication (lambda value). However, 
the influence of head diameter or equivalent radius on this process has yet to be ftilly explored. For 
example, in the case of 28 nun MOM bearings (Metasul etc), the ratio of running-in (RI) wear to 
steady-state wear (SS) is typically 3: 118,31,32, however, early studies by Chan et a129 , albeit using a 
high 
protein serum, reported a RI/SS ratio of 13: 1 for 45 mm bearings, and suggests greater running-in 
wear for larger diameter bearings. As the size of the wear scar is proportional to head diameter, it is 
therefore possible that larger head sizes may generate higher running-in wear 
due to larger polishing 
areas. Conversely, a recent study by Goldsmith et a16 reported a much lower RI/SS ratio of 
3: 1 for 36 
mm bearings (matching 28 nun sizes), and therefore casts doubt on the above 
hypothesis. To date, it 
is not clear whether its just larger head diameters >36 mm that generate 
higher running-in wear, or 
just other factors like having large radial clearances etc. 
2) With regards to MOM wear debris, there still remains poor 
knowledge of the parameters that 
influence wear particle sizes, especially factors like head 
diameter and radial clearance. Since 
artificial joints fail due to wear particles sizes and not volumetric wear rates 
17 
, 
knowledge of wear 
particle sizes and their changes in concentration is 
inherently critical in predicting ultimate 
biocompatibility 17,18 
, and requires more research. 
Recent hip simulator wear studies by Firkins et a132' 
Fisher et al'8, Catelas et a133 and have all reported mean or modal 
Co-Cr-Mo wear particle sizes of 25, 
30 and 65 nin respectivly for modem MOM bearings, thereby 
demonstrating that Co-Cr-Mo particles 
are significantly smaller than traditional UHMATE particles, and 
importantly out of the bioactive 
range of 0.1 to 10 ýtrn for stimulating macrophages 
34. Clinical studies by Doom et al 
16 of retrieved 
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periprosthetic tissue in metal-metal patients also reported smaller sized Co-Cr-Mo wear particles (mean 81 nm), however, their study also showed that mean Co-Cr-Mo particle sizes can also be as high as 192 nm. Soh et a135 and Shahgaldi et a13' have also reported larger Co-Cr-Mo particles up to 4000 mn in size in retrieved tissue, however, such large particles are rarely reported in hip simulator 
tests. In addition, most metal particles once released in the body are subjected to corrosion, and therefore reduce in size 36 ' 16 . Therefore the large Co-Cr-Mo particles reported by Doom et al 16 may 
very well have been previously bigger, thus casting further doubt on early laboratory results (mean 25 
nM)32. A closer look at Doom et al's data 16 also suggested that smaller 28 min bearings (Metasuls) 
generally produced larger wear particle sizes (mean 120 nin) compared to those from larger 45 mm McMinn prostheses (mean 60 rim). This result has yet to be confirmed in laboratory testing, however, 
it is likely that an improved lubrication regime would lead to a finer polishing action, and thus smaller 
particles. Again, more research of the factors influencing the size, surface area and concentration of 
metal particles is needed. Once understood, bioactivity may be further reduced by simply chosing 
appropriate bearing gernotery. 
3) A study by Chan et al3' reported a 2-fold increase in metal-metal wear for 45 mm bearings under 
intermitant loading, and immediately suggested that larger diameter MOM bearings are sensitive to 
changes in kinematics and mechanics. More recent studies by the authorS38 using more aggressive 
gait activity simulations have shown that in fact the wear of 40 mm HC MOM bearings can increase 
by as much as 10-fold under activites like fast-jogging (1.75 Hz, 4500 N max), indicating a sizable 
breakdown in mixed lubrication. Importantly, such high increases in wear may explain why clinical 
wear rates of modem MOM (1.2-6 mmý/year)39 are typically 2-3 times greater than simplistic 
simulator data 32 . Although others factors like scratched surfaceS40' greater eccentric wear paths 
32, and 
micro-separationý' also contribute to higher clinical wear, it is still believed however that gait activiy 
is the overriding factor. Even though the volumetric wear generated under fast-jogging for the 40 nun 
MOM bearings was much smaller in comparison to the wear of moderately UHMVvTE under sirn1lar 
conditionS30' such large increases in Co-Cr-Mo wear can however lead to massive increases in the 
total surface area for all wear partticles, causing elevated ion release. As classical 
elastohydrodynamic lubrication theory predicts that even larger diameter bearings (>40 mm) may 
offer superior wear, there is therefore, great potential for much larger diameter MOM bearings to 
generate minimal wear for active patients. On the other hand, as boundary wear is proportional to 
sliding distance, larger bearings (>40mm) could give rise to increased wear rates under excessive gait 
conditions simply due to increased asperity contact. Increased surface contact may also influence 
wear particle sizes, again increasing ion release. However, such tests have yet to be undertaken. If 
metal resurfacing joints are to be widely used for demanding patients, then it is therefore necessary 
that laboratory tests account for such conditions, as it is very possible that alternative materials and 
novel coatings may offer further reductions in wear particle release under these higher adverse 
environments. 
Therefore to date, the full practical advantages and suitability of larger MOM head sizes (>32 nun) 
for all patient types and activity levels have not been demonstrated. Therefore, the aim of this 
investigation was to investigate the wear of 28,40 and 56 nun bearings under both normal and severe 
gait conditions, using a realistic hip joint simulator and a relevant biological lubricant. Detailed 
analysis of wear particles and wear patterns were also considered and compared to clinical 
data. 
Wear predictions at 40 years were determined for a range of patients types to aid 
in improving 
Prosthesis selection. 
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2. Materials and methods 
2.1. Metal-on-Metal Hip Bearings 
A total of 18 bearing couples were supplied from a UK orthopaedic company (Corin Medical, 
Cirencester, UK), which included four 28 nun, ten 40 mm, and four 56 min diameter MOM hip joints 
[Figure I(a)]. All bearings were manufactured from high carbon (HQ (0.2-0.35 % wt) cobalt chrome 
molybdenum alloy (cast CoCr30MO6 alloy to BS7252-4 (ASTM F75-92)) in the standard double heat- 
treated condition, i. e. hot isostatic pressed (HEPed) and solution annealed (SA). Metallurgical 
analysis showed that the grain size on the articular surfaces ranged from 30 to 1,500 ýtm, [Figure 
l(b)]. Surface carbides in the form Of M23C6 (Ito 10 Vtm in size) were evident on all articular 
surfaces, typically in chain formations, which were either precipitated within grains or at grain 
boundaries [Figure I (b)]. The mean radial clearances for all 28,40 and 56 nim. bearings were: 42 ýim 
(range 35-53 Vim), 119 ýtm (range 104-144 [tm), and 142 ýim (range 131-149 ýtm) respectively. The 
mean equivalent radius R (in), [R = (RIR2)1(R2-R, )]8 for the 28,40 and 56 mm bearings was: 9.6,6.7 
and 11.0 in respectively. For all components, the initial articular surface finish S, was 0.05 ýtm, and 
the maximum deviation of sphericity ranged from 3 to 13 ýtm. The acetabular cups were custom 
machined with a location spigot on their back periphery to enable adequate fixation during severe- 
impact wear testing [Figure I (a)]. 
Fig. 1. Images showing (a) 28mm, 40mm and 56mm 
diameter HC Co-Cr-Mo test components, and (b) light- 
microscopy images of micro-etched HC HIPed/SA Co-Cr- 
Mo articular surfaces - showing grain structure and chain 
carbide formations. Etching involved lactic acid, HCL and 
HN03- 
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2.2. Experimental Methods 
All wear tests were performed using an electro-hydraulle 8-station hip joint simulator (MTS Systems, USA) [Figure 2(a)]. The simulator applies a ±23' biaxial-rocking motion to represent the flexion/extension and adduction/abduction movements of the femur during ambulation [Figure 2(b)], 
which importantly creates a similar cross-shear and wear condition to that of the natural hip joint42,43. This type of simulator has been previously described in detail30,38' and successfully used in many MOM hip wear studieS29,37,42,31,44 . 
The average sliding distance travelled per cycle for this type of hip 
simulator is 1.045D (or 29 min for a 28 min femoral head)42, which is approximately 1.5 times larger 
than that travelled by the natural hip joint, i. e. 0.67D (or 19 mm for a 28 min femoral head)42,43. 
However, all wear data presented in the current study has not been corrected for having a longer 
sliding distance (see Section 4). 
Fig. 2. Pictures of MTS 8-station hip joint simulator showing (a) machine layout, (b) definition of biaxial-rocking motion, 
(c) physiological positioning with superiorly inclinded cup (4x 40mm beanngs only), and (d) physiological positioning 
with horizontal cup. 
A bovine-serum lubricant system (Sigma UK, C-6278) was used for all wear tests following 
dilution to 25 % with 0.2 um filtered delonised water to create a 20 mg/ml protein content sera (pH 
8.0), similar to that of regenerated human synovial fluid 45,46 . No EDTA was added 
in view of the low 
calcium content; however, sodium azide was added (I g/litre of sera) to retard bacterial degradation 47 . 
The lubricant was heated to approximately 37 'C during all tests, and was changed every 0.5 million 
cycles to help maintain properties. Lubricant volumes were maintained at 500 tril by adding 25% 
diluted serum. 
Wear was calculated gravimetrically using an analytical balance (Precisa UK, 925M-202A/0.01 
mg), and was corrected using seven controls. Test components were measured every 0.5 million 
cycles, or at the end of each jogging session, which involved dismantling fixtures, cleaning (including 
removal of all protein films), drying and weighing. Volumetric changes were determined assuming a 
density of 8.3 mg/mm 3 for the Co-Cr-Mo alloy, and all wear results were extrapolated to mm 
3/106 
cycles. 
The test specimens were divided into two groups. Group one consisted of 
four 28 mm and four 56 
min bearings, and group two consisted of ten 40 mm bearings. Initially, all components in groups 
I 
and 2 were subjected to 6 and 3 million cycles of standard walking respectively, to generate steady- 
state wear conditions. The loading profile used for simulating normal walking 
(I Hz) was based on 
the Paul curve 48 , and was adjusted 
to a maximum and minimum compressive force of 
2450 N and 50 
N respectively to match similar studies [Figure 3(a)]. During testing, all 
bearing couples were 
Positioned physiologically, i. e. cup above a moving femoral 
head, thereby creating similar in vivo 
wear conditions. Five 40 mm cups were superiorly inclinded at 
35' to the horizontal [Figure 2(c)], 
with all other 40,28 and 56 nun cups being mounted horizontally 
[Figure 2(d)]. Silicone seallant was 
used to seal mating fixturing surfaces to prevent contammation. 
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Following all walking tests, both groups were then subjected to one million cycles of simulated 
fast jogging at 1.75 Hz. The loading profile used for simulating fast J ogging was based upon previous 
data by Bergmann et. a149 , and consisted of a one-peak cycle with a maximum joint force of 4,500 N 
[Figure 3(d)]. A one-hour stationary rest period every 8,000 cycles was incorporated into all jogging 
tests to prevent unphysiological joint temperatures. Since all jogging tests were undertaken at an 
increased speed of 1.75 Hz, all jogging cycles were adjusted to synchronise the load/loci pattern per 
cycle, thereby ensuring that the same point on the cup received the same load vector each cycle. 
Following random normal walking and fast jogging tests, samples of used bovine serum were 
collected and immediately frozen to -23 'C for storage prior to wear particle extraction. 
After all fast jogging tests, both groups were then further subjected to one million cycles of normal 
walking to establish if the wear rates would then return to steady-state values. A further three million 
cycles of additional severe patient activities, including slow walking tests (0.62 Hz) and slow jogging 
tests (I Hz) were then performed using two 28 mm, two 40 mm, and three 56 nim. bearings. The 
loading profiles used for simulating slow walking and slow jogging were again based on the standard 
Paul48 and Bergman 49 curves, but were adjusted to occur over a longer time period (Figures 3b and c), 
thereby synchronising the load/loci pattern per cycle. The resultant integrals fL dx for the four types 
of patient activities simulated in the current study are also listed in Figures 3a to d. 
Force 
L cb, ý ý 25.5 -N in cvcle-- 
Normal Walkittg, 1 HZ 
L cbý = 40-8 Nm cvCle-I 
Slow Wolking, 0.62 Hz 
-f 
L d: ý = 18-7 N- cYcle-' 
Fig. 3. Force profiles timed over four seconds 
for (a) 
norinal walking at I Hz (2450 N max)48, (b) slow walking 
at 0.62 Hz (2450 N max), (c) slow jogging at I Hz 
(4500 
N max)49 , and 
(d) fast jogging at 1.75 Hz (4500 N max). 
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2.3. Wear Particle Extraction and Analysis 
Co-Cr-Mo wear particles were extracted and isolated from used bovine serum (BS) using a similar 
protocol reported by Doom et al 
16 and Catelas et a150,33 . 
This enzymatic protocol has been previously 
shown to cause less damage to metal particles compared to the use of alkalis, such as KOH or 
NaOH 50 .A total of 
8 BS samples were considered for analysis, and included two samples taken from 
separate test stations of the 28 nun, 40 mm, and 56 min diameter prostheses following steady-state 
nortnal walking tests, and two samples from the 40 mm. diameter specimens following simulated fast 
jogging tests, i. e. the most severe gait activity. 
in brief, all samples (40 ml) were subjected to a four-loop isolation protocol, which involved 
centrifugation (16,000 x g), re-suspension in sodium dodecyl sulphate solution (SDS), heating, 
washing in acetone and a Tris-HCI solution, and incubation in 1) papain and 2) protenaise K (Sigma- 
Aldrich, Dorset, UK) for 24 hrs at 60'C. Prior to drying on 3 mm carbon coated copper grids for 
rnicroscopy (Agar Scientific, Essex, UK), all samples were ultrasonicated to help prevent particle 
agglomeration. Co-Cr-Mo wear particles were then characterised using a high-resolution 
transmission electron microscopy (TEM, JEOL JEM 2010, Japan), operated at 200 KeV. Energy 
dispersive X-ray analysis (EDXA) was also used to confirm the presence of Co, Cr, and Mo particles 
before any photographs were taken. 
The size and morphology of particles were established from digital micrographs obtained at 2 
levels of magnification. For each sample, five images were obtained at xI Ok for larger particles, and 
ten images at x50k for smaller particles, in order to provide an overall size range of 10 to 3,000 nm. 
This protocol allowed the imaging of 130 or more particles per sample, with an average number of 
254 particles for the samples analysed (ranging from 138 to 378 particles). Co-Cr-Mo particles were 
then characterised using digital image analysis software (Image Pro Plus, Media Cybernetics, USA), 
measuring diameter, length, width, perimeter, roundness and aspect ratio. 
2.4. Surface Characterisation 
3D surface topography analysis of three 40 mm bearing couplings (head and cup) were measured 
after the first 3 million cycles of standard walking using an optical interferometric surface 
measurement instrument (WYKO NT 2000). Before measuring, all surface transfer films were 
removed using a lint-free cloth. Ten measurements per component were recorded; 3 within the mid 
equatorial unworn region, 3 within the upper equatorial low-wearing region, and 4 within the heavy- 
wearing polar region. In each measurement position, an area of approximately 0.5 min by 0.5 mm 
was considered. 
2.5. Statistical Analysis 
For both volumetric wear and wear particle data, the mean, median and standard errors were 
calculated using the raw (untransformed) data. However, for advanced statistical analysis, 
both sets 
of data were also sub ected to the transformation of y =: loge W to satisfy assumptions of normallty j 
and homogeneity of intra-sample variances, and a one-way analysis of variance 
(ANOVA) 
(components of variance) was conducted, withp<0.05 as the level of significance. 
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3. Results 
3.1. Running-In Wear - Standard Walking Tests 
Figure 4(a) presents the combined (head + cup) volumetric wear results as a function of number of 
cycles for all 28,40 and 56 mm MOM bearings, and shows that all bearing couples generated a biphasic wear pattern, i. e. producing higher initial wear followed by a reduced steady-state condition (p<0.05, ANOVA). Figure 5(a) also presents the mean combined volumetric wear rates (rnnM06 
cycles or year of use) for all bearing sizes during running-in, and highlights that the 56 min bearings 
generated by far the greatest running-in wear of all (7.0 rnm3/106 cycles). The lowest mean running-in 
wear rate was generated by the 40 mm bearings (2.2 MM3/106 cycles), showing a clear 2-3.5 fold 
reduction in running-in wear compared to the 28 and 56 mm bearings respectively (p<0.05, ANOVA). 
The ratio of running-in (RI) wear to steady-state (SS) wear for all 28,40 and 56 mm bearings were 
4.5: 1,5.4: 1 and 22.2: 1 respectively. In addition, all bearing sizes showed greater wear loss from the 
acetabular cups compared to the femoral heads, typically by a factor of 2. Plus, the seven 40 mm 
bearings which were mounted superiorly at 35' [Figure 2(c)] showed no difference in running-in wear 
compared to the three bearings mounted horizontally (p>0.05, Student t-test), and suggests a small 
influence of low socket angles on initial bearing wear. 
Figures 6(a) to (c) present the combined (head + cup) total volumetric wear at 1.0 million cycles 
(ninMng-in wear) verses radial clearance, equivalent radius and maximum deviation of sphericity for 
all 28,40 and 56 mm bearings tested (excluding two 40 mm bearings). With regards to radial 
clearance, all bearing sizes showed a reduction in total running-in wear with a decrease in radial 
clearance, [Figures 6(a)]. Overall, the larger 56 mrn bearings showed the greatest influence of radial 
clearance, i. e. showing the greatest slope, and suggests that with smaller radial clearances (40-65 
ým), the 56 mm bearings could achieve very low running-in wear (-1.0 MM) . The 40 mm bearings 
showed a much reduced influence of radial clearance on running-in wear, however the results still 
suggested that with smaller radial clearances (40-65 ýtm), running-in wear could be reduced to only I 
nimý in the first year or million cycles. As for the 28 mm bearings, they also showed a small 
influence with radial clearance, producing a similar slope to the 40 mm bearings. Importantly, the 28 
inm results suggest that even with lower radial clearances (15-20 [tm), the 28 mm. bearings will still 
generate -1.5-4 mný of Co-Cr-Mo wear in the first million cycles. With regards to equivalent radius, 
all bearing sizes showed a reduction in total running-in 2 
wear with an increase of equivalent radius, 
however, this was less evident for the 28 mm. bearings (R ==0.03), [Figures 6(a)]. Out of the 40 and 56 
min bearings, the 56 mm bearings showed the greatest influence of increasing the equivalent radius, 
suggesting a reduction in total running-in wear from 7 min 3 to 4 MM3 with just a small increase of 
equivalent radius from 11 to 13 m. As for maximum deviation of sphericity or form, all bearing sizes 
showed little influence if any of maximum sphericity on running-in wear, [Figure 6(c)], and indicates 
a weak effect of isolated areas of high roughness. The 28 mm bearings produced a positive 
correlation with running-in wear and max deviation (R'=0.7), however, this relationship is likely to 
be 
false, and simply a result of other factors. 
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3.2. Steady-State Wear - Standard Walking Tests 
Figures 4(b) and 5(b) present the mean combined (head + cup) steady-state volumetric wear rates for all 28,40 and 56 min couples. The results showed that the larger 40 and 56 min bearings typically 
generated a clear 2-3 fold reduction in mean steady-state wear rate compared to the smaller 28 min 
bearing sizes (p<0.05, Student t-test). In addition, the 56 min bearings generated a further 20 % 
reduction in steady-state mean wear rate compared to the 40 min bearings (p<0.05), suggesting 
superior wear resistance following running-in. In general, the wear results for all groups produced 
low scatter, showing no runaway wear for any bearing tested, [Figure 4(a)]. Plus, the seven 40 nun 
bearings which were mounted superiorly at 35' [Figure 2(c)] showed no difference in steady-state 
wear compared to the three bearings mounted horizontally (p>0.05, Student t-test). 
Figures 7(a) and (b) present the combined (head + cup) steady-state wear results verses radial 
clearance and equivalent radius for all 28,40 and 56 min bearings tested (excluding two 40 min 
bearings). With regards to radial clearance, all bearing sizes showed a reduction in steady-state wear 
with a decrease in radial clearance. Overall, the smaller 28 mm bearings showed the greatest 
influence of radial clearance on steady-state wear, i. e. showing the greatest slope, and suggests that 
with smaller radial clearances (15-20gra), 28 mm bearings may produce lower steady-state wear 
(-0.5 mM3/106 cycles) compared to those in the current study (0.92 InM3/106 cycles). Importantly, the 
results indicated that the lowest wearing bearings (the 56 mm's) could achieve even lower steady- 
state wear (.:: ýO. l mm 3/106 cycles) with lower radial clearances (50-65 ýLrn), showing a possible 5-fold 
reduction in steady-state wear compared to 28 mm bearings with low radial clearances (20ýtm). With 
regards to equivalent radius, the results again showed sizeable reductions in steady-state wear with an 
increase in equivalent radius, with the 56 mm bearings showing the greatest advantage. 
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3.3. Severe Patient Activity Tests 
out of the three severe gait activities simulated, fast-jogging (1.75Hz, 4500 N max) generating the 
worst wear condition for all bearing sizes, typically showing a 4-9 fold increase in volumetric wear 
release compared to standard walking (I Hz, 2450 N max) (p<0.05, ANOVA) [Figure 5(e)]. Slow- 
walking (0.62 Hz, 2450 N max) was the next highest ranked severe activity, typically showing a 
3-fold increase in volumetric wear release compared to standard walking for all bearings (p<0.05, 
Student Mest) [Figure 5(c)]. This increased boundary contact and high wearing condition for fast- 
jogging and slow-walking was not observed with slow-jogging (I Hz, 4500 N max), with all results 
showing no statistical differences to those generated under standard walking (p>0.05, ANOVA) 
[Figure 5(d)]. 
With respect to bearing diameter, the results showed that the 56 mm bearings generated the least 
amount of steady-state wear under all severe activities simulated, thereby demonstrating superior 
wear resistance compared to the 28 and 40 min bearings after running-in. In fact, the results showed 
that the more-severe the gait activity simulated, the more reductions in volumetric wear could be 
achieved by using the larger 56 mm bearings compared to other smaller sizes (Figure 8). Figure 8 
also highlights that under the two most demanding activities simulated, slow walking and fast 
jogging, the 28 mm bearings generated the highest wear of all, making them the worst bearing option 
of all for young and highly active patients. 
Figures 9(a) and (b) present the combined (head + cup) fast-jogging wear results verses radial 
clearance and equivalent radius for all 28,40 and 56 mm bearings tested (excluding two 40 mm 
bearings). Importantly, all bearing sizes showed massive reductions in fast-jogging wear with 
increasing equivalent radius and reducing radial clearances. The results also suggested that the lowest 
wearing bearings (the 56 mm's) could easily achieve even lower fast-jogging wear (<0.4mm 3/106 
cycles) with lower radial clearances (50-65 ýtm), showing a sliMlar result to that for normal walking. 
Following all fast jogging and slow walking simulations, additional nonnal walking tests showed 
that most bearing couples returned immediately to steady-state wear conditions, with only 2 bearings 
out of the 18 tested showing a small running-in period of 0.5 million cycles. All wear surfaces 
showed no visible change in surface roughness as a result of severe gait. The results also showed no 
differences in fast jogging wear when introducing I hour resting periods every 8,000 cycles, and 
small levels of joint separation. 
Page 15 
5- 
cr 
4 
3 
2- 
E- Fast Jogging 
>E 
- Slow Walking M 
E- Normal Walking 
0 
25 30 35 40 45 50 55 60 
Bearing Diameter (mm) 
Fig. 8. The vanation in mean combined MOM volumetnc 
wear rate (head and cup) verses bearing diameter for all 
main patient activities simulated. 
Radial C 
4 Grim r2Bmr-. R-169i 
F4-Crry-; l 
n 
t, , 
oE 2 
A 
E 
LL 01 
25 50 q 1 Go 125 
(a) 
Radial Clearance (pm) 
i 
(R2=0.84) 
ty 
3: lýI 
------------------- - -- - -- - ---- -- 
6789 10 11 12 13 
Equivalent Radius R 1m) 
Fig. 9. The influence of bearing geometry on mean fast 
jogging wear for all 28,40 and 56 mm Co-Cr-Mo 
bearings. Graphs shows the mean steady-state wear rates 
verses (a) radial clearance, and (b) equivalent radius. 
Page 16 
3.4. Articular Wear Patterns & Surface Topography 
The results from a detailed SEM examination of all worn articular surfaces (at 3x 106 cycles or 3- 
years) showed no visible differences in all observed wear patterns for the 28,40 and 56 mni diameter 
bearings tested (Figures 10a to g). All polar regions of the head and cups showed equal amounts of 
large scale polishing and moderate abrasion, the later caused by released matrix carbides (2-10 gm), 
therefore giving rise to large smooth zones interspersed by deep scratches (Figures 10a to c). Protein 
transfer films were also similar in structure for all three bearing sizes, typically showing thin patchy 
films within the high wear zone, as well as more highly structured film formations at the edge of the 
wear scar (Figures 10d and e). Evidence of carbide pullout and micro-delamination wear were also 
observed in isolated areas within the high wear zones, typically leading to pitting/scratching in the 
direction of sliding and a two-layered wear scar (1-3 ýum in height) respectively (Figures 10f and g). 
Micro-delamination of the primary wear surface suggests a strong adhesive process occurring under 
boundary-contact events, causing immediate micro welding and rupture or tearing of the articular 
surface. However these features were few in number, with polishing and abrasive wear being by far 
the most dominant processes, which is in good agreement with many previous studies of MOM 
bearingS29,37,39 . 
As all articular surfaces showed common features, the overall results suggest similar 
wear processes for the three bearing sizes. 
Although all wear surfaces and transfer films generated in the current study showed simi'lar 
features to those reported clinically for retrieved MOM bearingS39 ,a direct SEM comparison was also 
conducted on a matching 42 mm diameter HC Co-Cr-Mo retrieved bearing (CORMET 9, Conn 
Medical, UK). The bearing was implanted in a patient for 2 years, and was manufactured from 
identical HIPed/SA material, and possessed similar geometrical specifications to those tested in the 
current study, with the exception of slightly lower radial clearances. The 2-year explanted prosthesis 
showed to possess lower quantities of visable wear compared to our test components at 3 million 
cycles. However, closer examinations of all heavily worn regions showed equal proportions of large 
scale polishing wear, multi-directional abrasion and carbide pullout when compared to the hip 
simulator generated surfaces [Figure 11 (a)]. Interestly, small isolated areas of micro-delamination 
wear were also observed on the retrieval [Figure II (b)], and matched the delamination features 
obsevered on our test components [Figures 1 0(g)]. 
As for changes in surfaces roughness following wear, the white light interferometer results showed 
that the polar-contacting regions of all the measured 40 mm heads and cups improved in surface 
roughness, showing a mean reduction from Sa 0.055 ýLm to 0.024 ýtm after 3 million cycles of testing 
or 3-years of use (p<0.05), (Figure 12). This decrease in articular roughness strongly indicates a 
sizeable reduction in asperity heights following running-in wear and additional polishing. The change 
in surface roughness for the 28 mm and 56 mm diameters bearing was not recored, and such 
influences is out of the scope of this study. 
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Fig. 10. Scanning electron micrographs of heavily worn surfaces from the HC HlPed/SA Co-Cr-Mo test components after 3 
million cycles of hip joint simulation, showing (a) typical 28 mm cup wear surface - showing polishing scratching and 
micro-pitting, (b) 40 mm cup wear surface, (c) 56 mm cup wear surface, (d) typical edge of wear scar and transfer film 
build-up for all diameter bearings, (e) typical small area of patchy transfer film build-up within the high wear zone, (f) 
carbide pullout, scratching and micro-pitting, and (g) micro-delamination wear - showing surface rupture, tearing and 
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3.5. Wear Particle Analysis 
The majority of Co-Cr-Mo wear particles generated in the current study were in the nanometer 
range, however, particles greater than 1.1 ýtm were also observed, but were few in numbers (Figures 13a and b). The Co-Cr-Mo particles were uniform in morphology, with the majority being either oval 
or round in shape. Particles were observed in two states, either singly or in agglomerates, [Figures 
13(a)]. Particles in agglomerates were not analysed due to the difficulty in separating individual 
particles from the clusters, however, a sufficient number of singular particles were photographed to 
provide reasonable sample numbers for analysis. The compositions of all wear particles were 
confirmed using EDAX, generating a typical spectrum shown in Figure 13(c), indicating the presence 
of Co, Cr, and Mo. The element Copper (Cu) was also detected due to the inevitable presence of the 
TEM grids. 
Figure 14(a) shows the percentage size distribution of all Co-Cr-Mo wear particles for the 28,40 
and 56 min samples (in 250 nm size intervals) for steady-state walking, and Figure 14(b) presents the 
influence of bearing diameter on the median wear particle sizes. The results showed that the median 
particle length, width, diameter and overall percentage size distribution of wear particles all varied 
with bearing diameter. Overall, the greatest difference in wear particle sizes was generated by the 28 
min bearings, which showed a 2-fold increase in median particle diameter (200 nm) compared to the 
40 and 56 nim bearings (-90 nm) (p<0.05, ANOVA) [Figure 14(b)]. The 56 mm wear particles were 
typically 33 % larger compared to the 40 mm particles, however, this was not always statistically 
significant, [Figure 14(b)]. In terms of wear particle shape, the results also showed no influence of 
bearing diameter on wear particle aspect ratio (p>0.05, ANOVA), with all Joints producing a similar 
value of 1.4. 
When comparing the percentage size distribution, median length, width and diameter of wear 
particles generated under standard walking to those from simulated fast jogging, the results showed 
no statistical differences (p>0.05, ANOVA), thereby suggesting a small influence of increased joint 
velocity and load on debris generation, [Figures 15(a) and (b)]. Although strong statistical differences 
could not be found, fast jogging activities did show a typical 10 % increase in median wear particle 
size parameters, as well as generating a greater number of larger (bloactive) 34 micron-sized particles 
compared to standard walking [Figures 15(a)]. 
Fig. 13. Images showing: (a) a typical TEM photograph of nanometer sized 
Co-Cr-Mo wear particles produced in the current 
study, either individuals or agglomerates, (b) typical TEM photograph of larger 
I ýtm sized Co-Cr-Mo wear particles, and (c) 
typical EDAX spectrum of wear particles on the copper grid during TEM. 
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4. Discussion 
All wear surfaces and transfer films created in the current study showed identical patterns and processess to those previously reported for MOM beanngS29,31,37,39,5 1. Importantly, all wear surfaces closely agreed with a matching 2-year retrieved MOM prosthesis (CORMET 0), which was identical in size, material, and heat-treatments. These simularities in wear features strongly suggest that the testing methods used in the current study were successful in recreating similar tribological conditions found in vivo. Therefore, as all 28,40 and 56 mm wear surfaces showed almost identical quantities of large-scale polishing, abrasion, carbide pullout and isolated areas of micro-delanu* nation, the study thereby suggests that head diameter or equivalent radius have little or no influence on the resulting 
wear patterns or processess of HC Co-Cr-Mo bearings. 
The running-in wear results for the 28 min bearings showed similar quantities of wear compared to 
eleven previous hip simulator studies, Table 1, suggesting good reproducibility. Although the 28 mm 
bearings tested in the current study possessed slightly higher radial clearances (42 ýtm) to those of 
other studies (22-31 ýtrn)7,29,32,5 1, our results are still in line with published data, showing a similar RI/SS wear ratio of 4.5: 1, Table 1. The 28 min running-in results also showed a weak influence of 
radial clearance, suggesting only a 1.0 MM3 reduction in total running-in wear when reducing the 
radial clearance from 50 gin to 25 ýim, [Figure 6(a)]. This result is similar to the findings by Scholes 
et al" for 28 mm bearings, and suggests that for lower lambda values, improvements in 
inacrogeometry have only a small effect. Importantly, our 28 mm running-in data suggested that even 
with very low radial clearances (15 VLm), 28 mm bearings will still generate -1 . 
5-2 mmý of Co-Cr-Mo 
wear within the first million cycles or year of use [Figure 6(a)], Again, this result is in line with 
previous data, Table 1, and demonstrates that standard 28 mm un-coated Co-Cr-Mo surfaces will 
always generate high initial bearing wear. 
The running-in wear rates for the larger 40 nim bearings (2.16 MM3/106 Cycles) were slightly high 
compared to a previous study by Goldsmith et a16 for 36 mm bearings (1.20 MM3/106 cycles), and 
resulted in a higher RI/SS wear ratio of 5.4: 1, (Table 1). However, the radial clearances of the 40 mm 
bearings were again larger (119 gm) compared to those reported by Goldstruith et a16 (71 gm), and was 
most likely the cause of our higher wear. Evidence to support this increase is presented in Figure 6(a) 
from our results, which clearly suggests that 40 mm bearings with large radial clearances of 125 gm 
generate double the total running-in wear compared to those bearings with radial clearances of 75 gm, 
and hence create a higher RI/SS ratio. Other reasons for slight differences in reported running-in 
wear between research centres may also be caused by disimilar wear path lengths and differences in 
surface roughness. hnportantly, the running-in wear for the 40 mm bearings was minimal, and 
suggests that large head diameter MOM bearings do not suffer from high running-in wear. Although 
the wear scar is physically larger on a 40 mm bearing compared to a 28 mm bearing, this difference 
does not ultimately result in more wear, and suggests a strong influence of the superior lubrication 
(high lambda values) of larger bearing sizes compared to 28 mm bearings. In addition, our results 
suggested that 40 mm bearings with even lower radial clearances of 40-65 ýtm are capable of very 
low running-in wear (<1.0 MM), showing a clear 2-3 fold reduction in initial debris release compared 
to smaller 28 mm bearings. 
As for very large heads, our running-in results also suggested that 56 mm bearings with low radial 
clearances of 40-65 gm (Equivalent radius, R= 26 in) are capable of creating very low running-in 
wear (<1.0 mm), [Figure 6(a)], again showing an improvement over 28 min bearings. Having said 
this, the 56 mm bearings in the cur-rent study produced the highest mean running-in wear rate of all 
head sizes (7 Inm3/106 cycles), and a RI/SS ratio of 22: 1, Table 1. However, this again was most 
likely a result of the higher radial clearances (142 ýtm) for the 56 min joints tested. Evidence to 
support this increase is again presented in Figure 6(a), which shows that the running-in wear of 56 
min bearings was highly influenced by radial clearance, with higher clearances 
leading to high wear. 
In summary, our running-in results strongly suggest that large diameter Co-Cr-Mo 
bearings (>32 mm) 
with small radial clearances (40-65 ýtm) offer minimal running-in wear and 
initial ion release 
compared to smaller sizes. On the other hand, large diameter Co-Cr-Mo 
bearings with radial 
clearances greater than 80 ýtm suffer from elevated running-in wear. 
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Table 1. Recently reported volumetric -, N-, -, ar rates for 28 and larger CoCrMo-on-CoCrMo hip bearings (ranked from lowest to biggliest radial clearance) under standard'walking conditions in hip joint simulators (with borad wear paths), 
He ad Diametei7 Mean Radial Initial Carbon Serum Volumetric NVear Rate (mmý: 10-' Cycles) Ratio Study (mm) Clearance (pm) Rý Oita) Content (mgi-ml) Running-In (RI) Steady-State (SS) RI SS 
Scholes et & 200115 11 28 -12 0.008-0ý030 Low 0.90 0.10 9 0 
Chan ef al. 1999 12 91 28 28 0ý008 High 0.21 0.06 - 1 1 9 Firkins et at, 2001 [321 28 30 0_010-0ý020 High 20 3.09 1-23 . 15 
Smith et aL 2001 [7; ] 28 31 0,003-UO5 High 20 L60 0.54 -"-0 
Chan et al, 1999 [37 71 28 31 0.007 High __0 0.40 0-10 50 Scholes at alý 2001 [5 11 28 40 0.008-0,030 Low ;1 0.90 0. -7rý 1,2 
Ptieker er al. 2001 21 28 5% 0 0.023 High 3-00-4.00 1.00 
Anis sian. et &- 1 200 11-441 28 50 - High 20 2.22 1.00 
Clarke at al. 2000 [3 1] -18 55 High 35 2.68 0ý9'ý 28 
Goldsmith et _alý 2000 [61 28 56 0ý008402_5 High 20 1_00 OA5 2 2 
Fisher et al 2001D [181 .28 - - 20 3.10 1.60 
- 1.9 
Mean 1-80 Nlean 0-71 '_Vlean 
CtpTenr Stz, _-ý' 28 42 High 20 4-17 0-91 '1 4-5 
Goldsmith e4t al. 2000 [61 36 71 0,006-0.035 Ifigh 20 1.20 0,3,6 3ý3 
B4n, sher " al. 2001 [38] 40 119 -0-015 High 20 2.16 0.40 5.4 
CwTent Study 56 14. -0.015 High 20 7-10 0. q -ý NI&K 22 2 
Clian eta]. 1996 f "93 45 10-300 0.0 25 -0-051 Ifigh _-70 2-00-8.00 Oý60 133 3 
As for steady-state wear, our results closely agreed with classical elastohydrodynamic lubrication 
,8 theoryý , i. e. showing the 
lowest wear rate for the largest head diameter (56 mm). This result is also 
similar to previous simulator studies by Chan et a129 and Goldsmith et a16 , demonstrating superior 
wear resistance for larger head sizes. Importantly, all steady-state wear results in the current study 
showed similar quantities of wear compared to previous studies. 
Again, Table I presents the steady-state wear for eleven recent hip simulator studies of modem 28 
mm MOM bearings, and shows a similar overall average steady-state wear rate of 0.7 1 mm 3/106 
cycles compared to our results (0.92 mm3/106 cycles) for 28 mm's. As for the larger heads, our 40 
mm steady-state results (0.40 mm3/106 cycles) also showed similar quantities of wear to those 
reported by Goldsmith et a16 for 36 min bearings (0.36 mmý/l 06 cycles), Table 1. Interesting, the 
radial clearances for the 40 and 56 mrn bearings tested in the current study were again much higher 
(119-142 ýim) compared to the work of Goldsmith (71 ýtm), however, our steady-state results still 
showed equal quantities of volumetric wear. Although it is often difficult to compare wear rates 
between research centres, the low steady-state wear experienced in the current study under relatively 
high radial clearances still suggests a weak influence of radial clearance on steady-state wear 
for 
larger diameter MOM bearings. Further evidence to support this weak influence of radial clearance 
for larger head sizes is presented in Figure 7(a) from our results, which suggests a reduction 
in radial 
clearance of 50 pLm will only reduce steady-state wear by 0.1 mmý/106 cycles 
for 56 mm bearings, 
compared to 2.0 MM3/106 cycles reduction for smaller 28 mm bearings. Nevertheless, our results still 
suggest that large 56 mm bearings with even lower radial clearances of 40-65 ýtni will offer the 
maximum possible wear resistance for un-coated HC Co-Cr-Mo 
bearings under standard walking 
conditions, generating a possible steady-state wear of only -0.1 mmý per year of use or million cycles. 
Based on the running-in and steady-state data for all bearings, Figure 
16(a) shows the predicted total 
volumetric wear release at 40 years of use, and further demonstrates the sizable reductions 
in wear 
release with larger bearings. 
The enzymatic protocol 16,50 used to extract all Co-Cr-Mo wear particles 
from bovine serum was 
highly successful, showing minimal corrosion and organic matter. 
Our results showed that all bearing 
sizes generated larger mean wear particle sizes compared to previous 
hip simulator studies. For 
"ample, recent studies by Fisher et al 
18 and Firkins et a132' using similar modem 
HC Co-Cr-Mo 
bearings (28 mm) and a 20 mg/ml bovine serum, have both reported mean wear 
particle sizes of 
25-36 nm with subsequent steady-state wear rates of 1.23 and 
1.6 mm3/106 cycles respectively. The 
steady-state wear for our 28 mrn bearings were equal to the above studies 
(0.93 mm3/106 cycles), 
however, our median wear particle size was 7 times 
higher (mean diameter 200 nm). The exact cause 
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of this large difference in wear particle size is out of the range of this study, however, our study did 
adopt a much less corrosive extraction protocol50, which may have lead to bigger particles. 
Importantly, our 28 nun Co-Cr-Mo wear particles sizes were similar to clinical data reported by 
Doom et al 16 for HC Metasul's, showing a mean particle size of 120 nm (range 50-192 nm). 
interestingly, our data also showed that larger diameter bearings produced smaller wear particle sizes 
(median 90 mn) compared to the 28 mm's. This result again agrees with the clinical data reported by 
Doom et al 16, showing a mean particle size of 60 nin for large diameter HC McMinn's (45 mm) 
(range 19-105 nm). This result suggests a strong influence of the increased joint pressures for 
smaller bearings, leading to increased adhesion, and larger particles. Although our study showed a 
clear 2-fold increase in wear particle size for the smaller bearings, many more studies are required to 
make more concrete conclusions, however, it is logical that an improved lubrication regime would 
lead to a finer polishing action, and smaller particles. Producing smaller particles out of the bioactive 
range of 100 to 10,000 nm for macrophage stimulation 34 has obvious benefits, and larger bearings 
may not just only offer reduce wear and ion release, but less osteolysis. As the exact number of metal 
particles which trigger cell toxicity, systemic problems and osteolysis is currently not known, the 
ultimate question of joint longevity cannot be answered, However, data of this type will advance the 
accuracy of cell-culture studies in predicting bioactivity. 
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Fig. 16. Predictions of total volumetric wear and total wear particle surface area after 
40 years of use for all 28,40 and 56 
mm modem Co-Cr-Mo bearings, for (a) patient type A-a low or normally active patient 
(undertaking _IX106 steps/year), 
and (b) patient type B-a highly active patient (undertaking 
2x 1 06 steps/year + IX106 jogging cycles/year). 
Based on the volumetric wear and wear particle results, the total surface area and 
total number of 
wear particles produced after 40 years of implantation was predicted. 
The volume and surface area 
for every single wear particle examined in the current study was calculated 
using the following 
prolate ellipsoid equations: 
Surface Area of prolate ellipsoid SpE = 21Ta 
2+ 2mbsin-' e [11 
Volume of prolate ellipsoid = VpE 
4 
mb 2 
[2] 
3 
_b2 
[3] 
Eccentricity of prolate ellipsoid = CpE 2 = 
Fla 2 
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and then used as a ratio to calculate all totals. A prolate ellipsoid equation was used to minimise any errors in predictions, as the majority of wear particles were rugby-ball shaped not round (median 
aspect ratio 1.4). From the stead-state volumetric wear results, the total number of particles generated 
per year of use for all 28,40 and 56 mm bearings were 3.8 X1012 1 1.9 X1013 , and 
1.9 X1012 16,17,18 
respectively, and agrees with previous data . Importantly, Figure 16(b) shows the predicted total 
surface area of all wear particles released after 40 years of use, and shows that for a normally active 
patient (IX106 steps/year) the 56 mm bearings generated the least total surface area compared all 
smaller sizes, therefore minirrnsing subsequent ion release. The predictions also highlighted that 56 
mm bearing with even lower radial clearances (40-65 ptm) show much larger reductions in ion 
release, showing a clear 2-fold reduction compared to 40 mm bearing after 40 years. 
The wear generation of all bearing diameters was found to be sensitive to the type of patient 
activity applied, with fast-jogging activities (4500 N max, 1.75 Hz) generating a typical 4-9 fold 
increase in metal wear generation compared to normal walking (2450 N max, I Hz). This high 
increase in metal wear for simulated jogging cycles indicates a significant change in lubrication action 
compared to normal walking, moving from a hydrodynamic/mixed regime to a mixed/boundary 
regime. Slow-walking (0.62 Hz) also showed a sizable increase in MOM wear release compared to 
normal walking (I Hz) and was surprizing, and demonstates that it is not just high forces and sliding 
speeds that causes high bearing wear. With regards to the influence of bearing diameter, the results 
showed that the largest head size generated the lowest wear result under all normal walking, slow 
walking, slow jogging and fast jogging activities simulated, therefore demonstrating superior wear 
resistance. In fact, our results showed that the greater the gait activity simulated, the more reductions 
in wear could be achieved by using a 56 mm bearing instead of a smaller size, (Figure 8). Figure 
16(c) presents the predicted total volumetric wear release after 40 years of use for a highly active 
patient, ie 2x1 06 steps/yr + IX106 jogging cycles/yr, and shows that the 56 min bearings generate half 
the total wear compared the 40 mm bearings. In addition, our results predicted that with even lower 
radial clearances, the volumetric wear produced under jogging for the 56 mm bearings may be further 
reduced to similar levels to that for norinal walking. Evidence to support this prediction is shown in 
Figure 9a and b of our study, which shows that severe gait wear was highly influenced by radial 
clearance, and that with smaller clearances of 40-60 ýtm, jogging wear can be absolutely minimised. 
Importantly, the 56 mm bearings also generated the least amount of total surface area of the all wear 
particles under severe gait, showing a clear 2-fold reduction compared to the 40 mm bearings, Figure 
16(d). Although it is not always possible to implant the largest head sizes in all patients, the study 
therefore suggests that for patients wishing to return to some degree of sport (or a physical job 
activity), or for the very young, efforts should be made to implant the largest head size possible 
without compromising the structural integrity of the acetabulum. 
One criticism of hip simulator testing is that clinical failures are not always picked up during the 
testing phase due to the lack of severe conditions testing. Therefore the current study also aimed to 
specifically address this issue by implementing a series of severe gait conditions which would be able 
to detect a possible difference in in vivo wear performance. This aim would appear to have been 
achieved as all MOM bearing sizes generated using the fast-jogging cycle given the large increase in 
wear rate observed using this condition. As ourjogging tests possessed similar forces to those created 
under stair ascending, tennis or dancing, i. e. common activities, more research is needed 
in this area 
to make more concrete predictions. 
Although the wear generated by the larger MOM bearings under severe gait activities was much 
smaller compared to the use of moderately crosslinked UFIMWPE, and would appear more 
favorable, 
there are still concerns however of high frictional torques with large 
diameter MOM bearings. It has 
been suggested that 28 min bearings are more suitable for active patients 
in terms of minimising 
friction [lookup], however, more research in this area is needed as our results clearly shows that 
28 
nim bearings produce by far the worst wear and ion release. Although 
frictional torque levels 
i 
were 
not measured for all tests in the current study, previous work 
by the authors have shown similar 
torque levels for MOM bearings and UHMATE-on-metal (0.2-2 Nm max for walking), suggesting no 
elevated torque levels at all for large diameter MOM bearings. This result 
is also in agreement with 
the findings by Scholes et al, however, more research is needed. 
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In this study we investigated the influence of head diameter upon the wear generation of modem high carbon Co-Cr-Mo-on-Co-Cr-Mo bearing couples using both standard and severe gait simulations. our results strongly agreed with classical lubrication theory, showing that considerable reductions in 
volumetric wear release can be simply achieved by increasing the femoral head diameter. In addition, 
our results showed that the greater the gait activity simulated, the more reductions in wear could be 
achieved by using a 56 mm bearing instead of a smaller size. Therefore, in order to minimise debris 
related biological problems in modem MOM hip arthroplasty, efforts should be made at surgeon level 
to implant the largest head diameter (56 mm) possible without comprimising the structural integrity of 
the acetabulum. Conversely, our study showed that large bearings with radial clearances greater than 
80 [Lm can lead to excessive wear during both running-in and severe gait events. Although all MOM bearing sizes showed sizeable increases in wear under fast-jogging and slow-walking activities (3 
n1rn3/106 cycles), the quantities of wear however were still small compared to the use of moderately 
crosslinked UHMATE under similarjoint conditions (26 mm3/106 cycles)30 . This result demonstrates that large diameter Co-Cr-Mo resurfacing prostheses can withstand extreme joint conditions for long 
periods of time without leading to run away wear, and is good news for those patients wishing to 
return to some degree of sport or for the very young. Moreover, the 3-9 fold increases in volumetric 
wear for slow walking and fast jogging activities, coupled with larger wear particles for simulated 
jogging, all demonstrate that the simulation of just a simplistic walking model in hip joint simulation 
can lead to incorrect performance predictions for a wide range of patients. 
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'SEVERE' PATIENT ACTIVITY SIMULATION SUBSTANTIALLY INCREASED THE NUMBER OF SUBMICRON-SIZED WEAR PARTICLES IN A XLPE-ON-METAL HIP BEARING STUDY 
+*, "Bowsher, J G; *Hussain, A; ****Elfick P D, 'Green S M; *Shelton, JC *The IRC in Biomedical Materials and Department of Engineering, Queen Mary, University of London, London, EI 4NS, UK +**FAX: (909) 558-6018 **Ei-nail: i-nail@johnbowsher. com 
"I 
introduction The clinical use of cross-linked polyethylene shows 
great potential in reducing wear generation and osteolysis in hip 
arthroplasty [1,2,3]. However, there are still concerns over the range of 
possib wear 
i 
rates from cross-linked PE (XLPE) prostheses. Hi i le Ip 
simulator studies have suggested that while XLPE generates low wear 
under smooth bearing surfaces, there also appears to be an increased 
sensitivity to scratched femoral conditions which can occur in the patient 
[4,51, However, these simulator studies have not combined damaged 
articular surfaces with a severe gait model, i. e. to represent a worst-case 
situation for high-nsk active patients. 
Recent studies by the authors have introduced fast jogging cycles to 
model severe gait conditions [6], This wear model generated a 2-fold 
increase in volumetric wear rates for undamaged lightly cross-linked 
polyethylene-on-Co-Cr-Mo bearings compared to normal walking 
(Table 1) [6]. When introducing 
, 
scratched femoral balls, we achieved 
wear rates greater than 2000 mirr'/year. However, changes 'in PE wear 
rates are important, but changes In wear particle sizes and numbers are 
also critical [7]. However, to date, the factors that influence particle 
distributions from XLPE hip bearings are not well understood, especial 
under adverse gait. 
Therefore, the aim of this wear study was to test the hypothesis that 
severe gait conditions will greatly increase the number of XLPE sub- 
nucron-sized wear particles compared to normal walking conditions. 
Table I Mean PE Wear Rate 
(MM3/MC) 161 
(5 Mrads 7XLPE-on-Co-O) Ratio 
I Hz Normal Walking (smooth) 20 
1 Hz Normal Walking (Rough) 200 X10 
1.75 Hz Fast Jogging (Smooth) 30 
1.75 Hz Fast Jogging (Rough) >2000 x70 
wear particles (> 10 pm) compared to walking (Figure 1). Under partia Hy 
rough conditions, normal waking lead to a 3-fold increase in sub-nucron 
particles/Mc. Under fully rough conditions, fast jogging lead to a 1700- 
fold increase in sub-micron particles/Mc (Table 4). 
Table 4 Mean vol. No. of Sub-micron 
Wear Rate Sized PE Particles 
(mm 3 /10, Per Per Step Debris 
Cycles) 106 Cycles Ratio 
[A] Nonnal Walking 18,0 To 
(Sinooth Balls) (n=4 1) 4 x10" 4 x106 Walk Smooth 
[BI Nonnal Walking 32.4 
(Partially Rough Balls) (n-6) 12 x1012 12 xlO" x3 
[A] Fast Jogging 33,2 
(Smooth Balls) (n=46) 19 X101, 19 X10, x5 
[C] Fast Jogging 1200 
j (Fully Rough Balls) (ný4) 1, 7000 x 10 - 7000 xI O'T x 1700 
(Per 0.5 million C%Cles) 
- Number of Particles (Shaded) 
12 - - Volume Distribution 14 
10 - 4- 121 
x Fast 
Walking Jogging 
: J 1 
0. + C, 
0 4- 4 S 
E 2 0 2 > 
0 
0+ 01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1 coo 
Particle Size Vm) Particle Size ýLrn) 
Materials and Methods We received 28nim, ID, 48nim OD, lightly- 
cross-linked (5 Mrads in gamma, GUR 1020) UHMWPE-on-Co-Cr-Mo 
bearings (DePuy Ltd, UK, Table 2). The cups were positioned 
physiologically in an orbital hip joint simulator (MTS Systems, USA). 
The lubricant was 25% newborn calf serum, 17 mg/rnl protein content 
(500 ml, heated to 37 'C). All bearings were run to 2.8 11111110n cycles of 
normal walking (2450 N max, I Hz) to achieve steady-state wear 
conditions [8]. One 0.6 million cycles of simulated fast jogging (4500 N 
max, 1.75 Hz) was then undertaken [6], with I hour resting periods 
every 8000 cycles. Then all components were roughened using SIC 
paper (Table 2). Additional normal walking and fast jogging tests were 
performed under rough conditions (Table 3). 
Table 2 Co-Cr-Mo Surface R ss (PM) 
Median Ra Range o Ra I Rp max 
[A] Smooth Conditions (ný4) 0.008 0.005-0.015 0.46 
[B] 0 5mm Rough Patch (n= 1) 
_ 
- 0.003-0.3 
1.35 
_ [C] Fully Rough Ball (n=3) 0.34 0.188-0.539 1.4 
_ 
Table 3 Patient Activity Type 
(No. of Cycles Undertaken, 10') 
Femoral Head Condition Norma[Walking_ FastJogging 
_ 
Virgin (Smooth) 2.8 0.6 
0 5mm Rough Patch (PartiallY Rough) 2.0 0.3 
L Fully Rough Ball 1.0 nI 
Wear particles were extracted frorn 19 serum samples from 0.5 
1 
Mc 
of normal walking and 0.6 Mc of fast jogging [9]. PE wear particles 
were analysed using a Mastersizer 2000 (Malvern Instru, UK) [10]. This 
method calculated the size, volume and number distribution of over 
>1012 particles in one sample. 
Results All polyethylene wear particles observed were similar in size 
and distribution to those reported clinically using identical methods [10]. 
Under smooth conditions, fast jogging created a 5-fold increase in the 
number of sub-micron sized wear particles/Mc compared to normal 
walking (Table 4). Fast jogging generated far less numbers of larger 
Ligoure 1. Change in wear particle parameters with varying patient 
Discussion and Conclusions This is the first study to show that the 
size distribution of 5 Mrads (N, ) XLPE wear particles can be influenced 
by the degree of patient gait. Fast jogging showed a greater influence on 
the number of sub-micron-sized wear particles (5-fold) than on 
volumetric wear rate (2-fold). Fast jogging also did not generate the 
larger wear particles (>10 pm) produced by nornial walking. Therefore 
our hypothesis was proved. 
This result suggests that errors may be made in calculating the 
osteolytic potential for high-risk patients if only considering normal 
walking models. The clinical significance of this result suggests that 
highly active PE patients will generate high numbers of bioactive wear 
particles (0.2- 1 Opm) [II]- 
Roughening of the Co-Cr-Mo femoral heads created a 1700-fold 
increase in the numbers of sub-micron PE particles under fast jogging. 
Zircoma heads would be more favourable for high-nsk patients. 
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introduction Metal-on-metal (MOM) hip arthroplasty has seen rapid Zý 
growth worldwide. However, there still rernams concern over their long- 
terrn biocompatibility due to systemic ion release [1]. Patients at 
greatest risk are the highly active males. However, there has been no in 
j, itro model created to simulate these high-fisk patients. In addition, 
there appears to be a discrepancy in MOM wear performance between 
clinical data and 'simplistic' hip simulator gait studies [2,3] with clinical 
wear being greater and more variable [4]. 
Laboratory MOM studies with more 'severe' gait such as 'intermittent 
loading, micro-separation etc. have generated a maximum wear rate of 
<1.6 mm/Mc for 28min Co-Cr beanngs (Table 1). This does not explain 
the large variations seen clinically. Plus, such studies do not simulate a 
highly active patient undei-taking regular aggressive exercise, for 
example, jogging. 
Table I N10NI 
-, N ear Model TýVe 
MOM Mean Wear 
Rate (MM3/MC) 
Chan et al [21 Intennittent Loading 1.20 
Fýiins et al [3 Eccentric Wear Paths 1.64 
Butterfie Id et aI[5 Micro-Separation 1.54 
Lu et at [61 Third-body Particles 1.80 
Williams et al [7] Hig Swing-Phase Load 
- 
0.60 
Bowsher et a1 [81 Fast Jogging Cyc es 4.00 
compared to those generated under walking (p<0.01) (Table 3). Waking 
generated particles from I to 5 elongation, where fast jogging created 
particles frorn I to 20 elongation (Figure 1). For walking, 1.9% of all 
particles were defined as needle shaped, whereas 6.1 % of all particles (a 
3-fold increase) were generated in fast jogging. Fast jogging created a 
20-fold increase in total wear particle surface area per million cycles 
compared to normal walking (Table 3). 
Table 3 Patient Activity Type 
_ - 
Normal 
Walking. 
Fast 
Jog ging 
Ratio 
alk/Jogg p-value 
SSWear Rates [91 JTean 
3 
_(rnrn 
/106 Cycles) (Mc) 0.4 3.53 8.83 0.001 
Co-Cr-NIo Wear Particle Data 
No. of Wear Particles 314 378 
Mean Diameter (run) 99 132 1.33 0.001 
Mean Length (nm) 135 169 1.25 0.010 
Mean Width (nm) 89 92 1.03 0.680 
Mean Elongation 1.6 2.0 1.25 0.010 
Total Wear Particle 
Surface Area Per Mc 
(M2/ 106 Cycles) 
0.116 2.42 21.0 0.001 
The authors introduced fast jogging cycles to model 'severe' gait 
conditions [8,9]. This model represented the most severe published hip 
simulator-testing regime, creating 2-3-fold greater wear compared to 
other studies (Table 1). While wear rates are important, changes in wear 
particle sizes may also be entical [1]. To date, the factors that influence 
the size range of wear particles from MOM hip bearings are not well 
understood. 
Therefore, the aim of this wear study was to test the hypothesis that 
severe' gait conditions will greatly increase the size of Co-Cr-Mo wear 
par6cles, thereby causing a sizable increase in wear particle surface area. 
Materials and Methods We used four 40nnn MOM bearings (cast 
high carbon (0.3 % wt) Co-Cr-Mo HIPed/solutiOn annealed, Corm 
Medical, Cirencester, UK) (Table 2). The cups were inclined 
physiologically at 35 ' to the horizontal in an orbital hip joint simulator 
(MTS Systems, USA). The lubricant was 25% newborn calf serum, 17 
mg/nil protein content (500 ml, heated to 37 'Q. All bearings were run 
to 3 million cycles of normal walking (2450 N max, I Hz) to achieve 
steady-state (SS) wear conditions. Then one million cycles of simulated 
fastjogging (4500 N max, 1.75 Hz) was undertaken [8,9], with 1-hour 
resting periods every 8000 cycles. 
Table 2 Radial 
Clearance 
Max. Dev. 
Sphericity 
Surface Roughness 
(nm) Head & Cups 
40yrun Co-Cr-Mo MOM -119 pm 10 pm 
Ra 10-30, Rp 10-40 
Wear particles were extracted from serum samples taken following 
0.5 Me of normal walkmg and fast jogging tests [ 10,11 ]. This enzymatic 
protocol causes less corrosion to metal particles [11]. EDAX and TEM 
at two magnifications, (xl0k) and (x50k), were used to identify and 
photograph Co-Cr-Mo particles. Over 300 wear particles from each 
group were analysed using Image Pro Plus. Based on the volumetric 
wear rates and wear particle data, a total number of particles generated 
per million cycles was calculated for each patient activity group. Using a 
surface area equation for a prolate ellipsoid, the total wear particle 
surface area was then calculated. A needle particle is defined as having 
an elongation greater than 4. Both parametric and non-parametric 
Statistics were used to calculate the level of significance. Elongation is 
length divided by width (aspect ratio). 
Results The majority of Co-Cr-Mo wear particles observed were in 
the nanOmeter range, and were oval or round in shape. Large particles 
(ý']Prn) were found in both groups. Fast jogging created a 25-33% 
ificrease in mean wear particle diameter, mean length, and elongation 
20 
C 
15 
0 
. 16 
10 
W 
--0- NormalWalking 
-. E)- FastJogging 
0 
Length (nm) 
Lligure 1. Change in wear particle shape with varying patient activity. 
Discussion and Conclusions This is the first study to show that 
patient factors can affect wear particle sizes in modern MOM bearings. 
Simulated fast Jogging created a 3-fold increase in the number of 
elongated (needle) wear particles compared to normal walkmg, and 
generating a 20-fold increase in total wear particle surface area per year 
of use compared to normal walking. Therefore our hypothesis was 
proved. The clinical significance of this result suggests that highly active 
MOM patients will exhibit greater Ion release. Our Co-Cr-Mo wear 
particles were similar in size to those reported clinically [10]. 
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introduction The potential benefits of N-, -ion implantation as a 
surface modification to chromium beanng components in orthopaedics 
include a 30-50% increase in hardness, reduced ffiction and increased 
wettabifitY [1]. Currently, the use of ion implanted Co-Cr femoral heads 
has been suggested to reduce clinical wear rates of polyethylene cups by 
20% [21, and to increase resistance of metallic surfaces against PMMA 
abrasion [3]. However, to date there has been no ion implanted metal- 
on-metal (MOM) wear studies reported. 
At present, one of the disadvantages of modem large diameter MOM 
bearings is their high runnmg-in wear phase [4,5,6], which creates an 
extremely high number of wear particles and ions. There is a possibility 
that ion implantation may minimise the severity of the running-in phase 
for MOM beanngs. Although the depth of ion implantation is small in 
comparison to the wear penetration of conventional MOM, small gains 
in wear resistance during this critical phase would be beneficial. 
Therefore, the aim of this wear study was to test the hypothesis that 
ion implantation may mimmise the severity of the running-in phase for 
modem 40 nun MOM prostheses. 
Materials and Methods Two MOM bearings were manufactured by 
Corin Medical (Cirencester, UK), and were nitrogen ion implanted (ion 
energy: 92 keV, ion dose IxIO'- ionS/CM2) to a max. depth of -0.2 Pm. 
The wear performance was compared to previously reported data for 
eight un-treated MOM bearings studied under matching protocols [5]. 
All bearings were 40 min diameter (cast high carbon (0.3 % wt) Co-Cr- 
Mo HIPed/solution annealed) with similar bearing geometries (Table 1). 
Table I Radial 
Clearance 
Max. Dev. 
Sphericity 
Surface Roughness 
(nm) Head & Cups 
Ion Implanted -111 pm 14 pm Ra 5-30, Rp 10-30 
(Controls) Un-Treated -119 pm 10 Jim Ra 10-30, Rp 10-40 
The cups were inclined physiologically at 35 ' to the horizontal in an 
orbital hip joint simulator (MTS Systems, USA). The lubricant was 
25% newborn calf serum, protein content of 17 mg/ml (500 ml, heated 
to 37 'C), and changed every 0.5 million cycles. Wear was measured 
gravirnetrically. Volurnetric changes were determined using a density of 
8300 kg/m-' for Co-Cr. All studies were run to ý3 rmflion cycles of 
normal walking (2450 N max, I Hz) [7] to cover the transition from 
running-in to steady-state wear conditions (Table 2). Analysis of co- 
variance (ANCOVA) was used to calculate the level of significance. 
Table 2 Running-I (RI) Phase Steady-Stat (SS) Phase 
No. Cycles 
olol)(Mc) 
No. of Data 
Points 
No. Cycles 
(X 101) 
No. of Data 
Points 
Ion Implanted Initial 1.0 6 2.5 4 
Un-Treated Initial 1.0 21 2.0 40 
!! esults SEM examinations of all wear surfaces showed large polished 
zones interspersed with scratches (2-10 Pin in width), similar to those 
observed clinically [8]. After the initial 500,000 cycles, a large 
proportion of the 'black' ion implanted surfaces wore off leaving an un- 
treated 'silver' surface (Figure 1). Under running-in conditions, the two 
ion implanted bearings showed a 50% increase in mean wear compared 
to the un-treated (control) bearings (Figure 2, Table 3) (p<0.05). Under 
steady-state conditions, the ion implanted bearings showed an 80% 
increase in mean wear rate compared to the un-treated joints (p<0.05). 
2Discussion All MOM bearings produced a biphasic wear pattern, 
generating a running-in wear rate that was 5-times greater compared to 
steady-state. The introduction of N, ion implanted MOM modified 
surfaces offered no reduction in volumetric wear compared to un-treated 
bearings during the aggressive run-in phase, or even during steady-state. 
Therefore our hypothesis was negated. Our results suggest that surface 
modification of MOM bearings by ion implantation offers no clinical 
benefit. A large proportion of the modified surface coating wore off in 
the initial half million cycles. The depth of ion implantation (0.2pm) 
was undoubtedly too small in comparison to the potential run-in wear 
penetration of MOM prostheses (25 pm) [9]. 
Conclusion N-ion implantation did not offer any reduction in the 
aggressive running-in wear phase for large diameter high carbon cast 
Co-Cr-Mo-on-Co-Cr-Mo hip prostheses, and therefore would appear to 
have no clinical benefit for MOM. 
Figure 1. Images ofan ion implanted Co-Cr cup showing removal of 
the modified surface after the initial 500,000 c-ycles of hip simulation. 
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Fýgure 2. Variations of combined (head+cup) MOM volumetric wear 
verses number ofcvcIes under walking, (a) ion implanted, (b) un-treated. 
Table 3 [on Implanted MOM 
I Un-Treated MOM 
Mean 95% Mean 95% P_ 
Wear Rate cl Wear Rate cl value 
(min', /Mc) (MMI/MC) 
Running-In 3.30 1.49 2.20 0.48 0.004 
(RI) Phase 
Steady-State 0.78 039 0.43 0.38 0-001 
(SS) Phase 
RUSS Ratio 5.1 5.5 
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introduction Metal-on-metal (MOM) hip arthroplasty has seen rapid 
growth worldwide. However, there still remains concern over their long- 
term biocompatibility due to systemic ion release [1]. Therefore 
mimmising wear particles and ion release is highly desirable. 
Classical elastohydrodynamic theory suggests that fluid-film 
lubrication is possible in large diameter MOM bearings, and hence it is 
inferred that wear will be reduced [2]. Improved wear resistance for 
large head sizes has been demonstrated in the laboratory under both 
normal walking models [3,4] and a severe 'fast-jogging' model [5]. 
Although reductions in wear volurnes are important, changes in wear 
particle sizes are also critical [1]. However, to date, the bearing 
parameters that influence the size range of Co-Cr-Mo wear particles 
from second-generation MOM bearings are not understood. 
Therefore, the aim of this investigation was to test the hypothesis that 
larger diarneter MOM bearings (ý! 40mrn) will generate smaller Co-Cr- 
Mo wear particles compared to a 28mm size, and reduce wear particle 
surface area. 
Materials and Methods 4x 28mm, 4x 40mrn, and 4x 56mm diameter 
MOM bearings (cast high carbon (0.3 % wt) Co-Cr-Mo HIPed/solution 
annealed) were manufactured by Corm Medical (Cirencester, UK) 
(Table 1). The cups were positioned physiologically in an orbital hip 
j. oint simulator (NITS Systems, USA). The lubricant was 25% newborn 
calf serum, 17 mg/nil protein content (500 ml, heated to 37 'Q. All 
bearings were run to ý! 3 million cycles of normal walking (2450 N max, 
I Hz) [61 to achieve steady-state (SS) wear conditions. 
Table I Mean Radial 
Clearance (ýtm) 
Max. Dev. of 
Sphericity (ýirn) 
Surface Roughness 
(nm) Head & Cups 
28 mm Dia. 42 10 - 
40 mm Dia. 119 10 Ra 10-30, Rp 10-40 
56 mm Dia. 142 12 - 
Wear particles were extracted from 6 serum samples fi-om 0.5 Mc of 
non-nal walking tests (for all 28,40 and 56 min bearing) using an 
established method [7,8]. This enzymatic protocol causes less corrosion 
to metal particles than the use of KOH or NaOH [8]. EDAX and TEM at 
two magnifications, (xl0k) and (00k), was used to identify and 
photograph both large and small Co-Cr-Mo particles respectively. 138- 
314 wear particles from each group were analysed using Image Pro Plus. 
Based on the volumetric wear rates and wear particle data, a total 
number of particles generated per million cycles was calculated for each 
patient activity group. Using a surface area equation for a prolate 
ellipsoid, the total wear particle surface area was then calculated. Both 
parametric and non-parametfic statistics were used to calculate the level 
Of Significance. 
Results The majority of Co-Cr-Mo wear particles observed were in 
the nanometer range, and were oval or round in shape. Large particles 
were found in all groups. The 28mm bearings generated a 2-fold 
mcrease in median wear particle diameter compared to the larger head 
sizes (P<0.05) (Figure 1). All debris generated a similar median aspect 
ratio (P>0.05). All wear particle distributions were statistically different 
(Vý0.05) (Figure 1), 
0 28 rnrn Bearing - Walking (n=185) 
10 40 mm Bearing - Walking (n=314) 
0 56 nim Bearing - Walking , n=138) 
Diameter Length Mdth 
Wear Particle Parameters 
The smaller 28mm 
particle surface area 
(p<0.05) (Table 2). 
90 
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per million cycles compared to 56mm bearings 
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Figure 2. Change in wearparticle size distribution with varying head 
diameter. 
Table 2 Head Diameter of MOM 
28 mm 40 mm 56 mm 
Mean Steady-State Wear Rates [5] 
(ITur, 1/ 106 CYC ICS) 0.92 0.39 0.32 
Total Wear Particle Surface Area Per Mc 
(M2/106 Cycles) 0.153 0.116 0.066 
Discussion and Conclusions Our Co-Cr-Mo wear particles were 
similar in size to those reported clinically [7,9]. This is the first in i, itro 
study to show that bearing geometry can affect wear particle sizes, and 
suggests that the improved lubrication regime found in larger bearings 
[2] may have resulted in a finer polishing action, thus creating smaller 
wear particles. Importantly, the 56mm diameter bearings showed a 2- 
fold reduction in the total wear particle surface area per year of use 
compared to the smaller 28min bearings. Therefore our hypothesis was 
proved. The clinical significance of this result suggests that large head 
diameter MOM bearings have the potential to reduce ion release in hip 
artbroplasty patients. 
It was also noted that the median sizes of our Co-Cr-Mo particles 
were greater compared to previous studies. Simulator studies by Firkins 
et al [ 10], Fisher et al [II], and Catelas et a] (8] have all reported rnean 
Co-Cr-Mo wear particle sizes of 25,30 and 65 nm respectively for 
modem MOM bearings. This difference may be a result of these studies 
using a more corrosive particle extraction protocol (KOH or NaOH) [8], 
or varying testing parameters- Clinical studies of retrieved periprosthetic 
tissue in metal-metal patients by Doom et al [7] and Shahgaldi et al [91 
have both reported larger Co-Cr-Mo wear particles (mean 81-200 nm), 
plus showing wear particles can be as big as 4000 nm in size. 
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